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Résumé
L’os forme un environnement cellulaire complexe, et est sujet à un renouvellement constant tout au long
de l’existence. Son remodelage dépend de trois types cellulaires : les ostéoblastes, les ostéoclastes et les
ostéocytes. Le rôle des ostéoblastes consiste en la construction de la nouvelle matrice osseuse, tandis que
les ostéoclastes sont responsables de sa dégradation. Tout ceci se fait sous la régulation des ostéocytes. Aﬁn
de pouvoir eﬃcacement dissoudre les parties minérales et organiques de l’os, les ostéoclastes mettent en
place une polarisation spéciﬁque de leur membrane plasmique aﬁn de créer un microenvironnement conﬁné,
favorable à la résorption. Ce conﬁnement des sites de résorption est dû à la présence d’une zone de scellement
ou « sealing zone ». Cette structure à forte densité d’actine a été caractérisée à la ﬁn des années 80, et une
vingtaine d’années plus tard des sous-unités ressemblant à des podosomes ont été identiﬁées à l’intérieur de
cette entité. Pourtant, l’organisation interne de la zone de scellement reste encore aujourd’hui peu décrite à
petite échelle.
Au cours de cette étude, une première caractérisation quantitative à l’échelle nanométrique de la zone
de scellement des ostéoclastes humains a été proposée. A l’aide d’une technique de microscopie de superrésolution de pointe, les cœurs d’actine ont pu être identiﬁés comme des sites de remodelage intense de
l’actine. De plus, le traitement des signaux associés a permis de mettre en évidence que ces évènements
dynamiques avaient lieu de manière synchrone entre cœurs voisins, et l’analyse de la localisation de protéines
majeures de la zone de scellement a suggéré que les cœurs d’acteurs étaient organisés en îlots de taille variable,
encerclés de complexes d’adhérence.
Les mécanismes cellulaires permettant à cette superstructure d’adhérence de reconnaître les propriétés de
surface de la matrice osseuse sont encore méconnus. Ainsi, les travaux menés au cours de cette thèse se sont
aussi concentrés sur le développement de substrats compatibles avec l’étude de ces fonctions. Un protocole
pour produire des lamelles de verre présentant une couche de polyacrylamide de quelques centaines de
nanomètres a été mis au point. Ces supports pourront également permettre à l’avenir d’évaluer des forces
appliquées à l’échelle nanométrique. De plus, l’utilisation de ressources de micro- et nanotechnologies a
permis de développer des substrats spécialement mis en forme pour l’étude des réponses cellulaires aux
nano-topographies. Des lamelles de verres ont été traitées par photolithographie et gravure chimique pour
présenter des lignes micrométriques, de hauteur nanométrique, caractérisées grâce à la microscopie de force
atomique.
De manière générale, les travaux présentés dans ce manuscrit décrivent de nouvelles approches pour
caractériser les propriétés structurales et dynamiques de la sealing zone. Du fait de leur polyvalence, ces
outils pourront également s’inscrire dans une recherche plus globale concernant les structures d’adhérence
cellulaires.

Mots clés : Ostéoclastes - Sealing zone - Podosomes - Os - Microscopie de super-résolution Mécanobiologie - Micro/nanotechnologie.
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Abstract
Bone is a complex biological environment, and a living tissue under constant renewal throughout
life. Its remodeling process is orchestrated by three diﬀerent cell types: osteoblasts, osteoclasts and
osteocytes. While osteoblasts are in charge of the generation of new bone matrix, the main function
of osteoclasts is to degrade it, and both activities are under the regulation of osteocytes. In order
to eﬃciently dissolve both mineralized and organic bone components, osteoclasts compartmentalize
their plasma membrane to create a resorption microenvironment. In particular, osteoclasts form
a superstructure called the sealing zone, which conﬁnes the digestion site. The sealing zone has
been identiﬁed in the late 80s as a dense actin structure, then in the late 2000s as composed of
podosomal subunits. However, little is still known about the precise inner organization of this speciﬁc
cytoskeletal arrangement. This study proposed a quantitative characterization at the nanoscale of
the organization and dynamics of the sealing zone in human osteoclasts. State-of-the-art superresolution microscopy conﬁrmed that single cores were tightly packed in a complex ﬁlament network,
and time-lapse imaging revealed that they consisted in preferential sites of intense actin remodeling.
In addition, signal processing yielded that these subunits display a synchronous behavior at the local
scale. Further analysis of the organization showed that actin cores are arranged in groups encircled
by adhesion complexes, and of various sizes.
The mechanisms used by the sealing zone to probe the stiﬀness and the topography of bone
have been but poorly investigated. Thus, this work also aimed at developing new substrates compatible with super-resolution microscopy to investigate the mechanisms of rigidity and topography
sensing. First, a protocol to create gels of polyacrylamide of only a few hundreds of nanometers
was developed. Such substrates will pave the way for the investigation of forces at the nanoscale.
In addition, micro- and nanotechnological resources have been applied to the development of new
substrates to assess topography sensing at the nanoscale. Micron-sized lines presenting nanoscale
heights were directly shaped on glass coverslips thanks to photolithography and chemical etching,
and their characterization was carried out with atomic force microscopy.
Overall, the work presented in this manuscript describes new technological approaches to characterize the structural and dynamical properties of the sealing zone. The versatility of the presented
tools and techniques will allow their use in various other contexts, such as individual podosomes or
focal adhesions.

Keywords: Osteoclasts - Sealing zone - Podosomes - Bone - Super-resolution microscopy - Cell
mechanics - Micro/nanotechnology.
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Introduction (in French)
L’os est un tissu vivant, dont le remodelage constant est soumis à la régulation de sa microstructure
par les diﬀérentes cellules osseuses. Leurs actions coordonnées permettent notamment la croissance
du squelette, la réparation des fractures, l’adaptation aux contraintes musculosquelettiques, et participent à l’homéostasie calcique. Les cycles successifs de résorption par les ostéoclastes et de formation
de la nouvelle matrice par les ostéoblastes contribuent au renouvellement osseux, mais c’est surtout
l’équilibre entre ces deux fonctions cellulaires opposées qui est caractéristique des conditions physiologiques. En eﬀet, même un déséquilibre mineur peut entraîner des eﬀets majeurs se répercutant sur
l’intégrité osseuse.
Une des pathologies les plus connues résultant de ce déséquilibre consiste en une perte accrue de
densité osseuse : l’ostéoporose. Cette maladie a des impacts socio-économiques dramatiques, avec
environ 3,5 millions de personnes de plus de 50 ans touchées en France, et presque 150000 fractures
associées chaque année.
Mais les problèmes osseux ne concernent pas uniquement les personnes âgées, et sont souvent aussi
couplés à des maladies inﬂammatoires chroniques telles que la polyarthrite rhumatoïde. De plus, ils
peuvent aussi apparaître en tant que complications secondaires d’autres pathologies, telles que le
cancer avec la présence de métastases osseuses, ou également de maladies infectieuses, notamment
dans le cas d’infection par le VIH.
Les traitements actuels visant à limiter la perte de densité osseuse comptent notamment l’utilisation des bisphosphonates, dont l’action avérée est d’inhiber la dégradation osseuse en perturbant
la diﬀérentiation et la survie des ostéoclastes. Pourtant, ces cellules jouent un rôle majeur dans la
régulation de tout le cycle de remodelage osseux, et mettent en place des voies de signalisation nécessaires aux fonctions ostéoblastiques. Ainsi, le fait d’essayer de limiter la résorption osseuse induit
également une formation de la nouvelle matrice osseuse moins eﬃcace. Il est donc crucial d’explorer de nouvelles stratégies thérapeutiques, ciblant principalement l’activité de dégradation tout en
préservant l’intégrité cellulaire.
Dans ce contexte, une connaissance pointue et la plus complète possible du dispositif cellulaire
permettant la dégradation osseuse constitue la première étape vers l’identiﬁcation d’opportunités
thérapeutiques alternatives.
Les ostéoclastes détruisent les composants tant minéraux qu’organiques de l’os au niveau d’un domaine spéciﬁque de leur membrane plasmique présentant d’importantes convolutions. Pour instaurer
un milieu favorable à la dégradation, un microenvrionnement acide est isolé du milieu extracellulaire
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à l’aide d’un contact étroit entre la matrice et la membrane entourant la zone de résorption. Ce
conﬁnement est médié par la présence d’une structure riche en actine : la zone de scellement, ou «
sealing zone ».
Les recherches concernant la zone de scellement ont débuté dans les années 80, et ses propriétés
ultrastructurales ont été mises à jour pour la première fois à la ﬁn des années 2000. Elle composée
de cœurs d’actine, connectés à la fois à la membrane plasmique sous-jacente et à leurs proches
voisins, à l’aide d’un réseau complexe de ﬁlaments d’actine. Cette organisation est très proche de
celle retrouvée dans les podosomes individuels, les structures d’adhérence caractéristiques des cellules
d’origine hématopoiétique. De plus, des protéines majeures impliquées dans l’arrangement spatial et
la jonction entre les ﬁlaments d’actine ont également étaient observées dans la zone de scellement.
Cependant, leur localisation au sein de cette structure n’a été que qualitative jusqu’à maintenant.
La présence de telles protéines liées au réarrangement des ﬁlaments d’actine témoigne d’une activité intense de remodelage de ces ﬁlaments à l’intérieur de la zone de scellement. Toutefois, l’aspect
dynamique de la zone de scellement n’a été étudié que très rarement à une échelle aussi petite. Ses
variations globales dans des contextes de migration ont, elles, étaient plus souvent décrites dans la
littérature.
Par ailleurs, les cycles de polymérisation et dépolymérisation de l’actine aux sites des cœurs de
podosomes individuels ont été associés à une application périodique de forces protrusives par les
cellules. Ces évènements sont notamment supposés faire partie des stratégies cellulaires pour sonder
les propriétés de leurs substrats. Dans le cadre des ostéoclastes, étant donné le rôle de conﬁnement
de la zone de scellement, il est plausible que ces oscillations aient également un rôle mécanique dans
le maintien de contact étroit. Cependant, aucun outil n’est actuellement disponible pour permettre
de valider ou inﬁrmer cette hypothèse. L’étude de la migration des ostéoclastes sur des substrats
reproduisant la biochimie de l’os ont également mis en évidence la dépendance de la motilité des
cellules vis-à-vis de l’état de surface, et notamment dans le cas de variations de leur topographie. La
question de la relation entre ces modiﬁcations globales et des relocalisations probables des protéines
de liaison de l’actine à l’échelle locale n’a pas encore été abordée.
Ce manque actuel d’informations à l’échelle sousmicron à propos de la zone de scellement a conduit
les travaux de cette thèse à se concentrer sur le développement d’outils et de nouvelles approches
basées sur des nanotechnologies de pointe. Ces méthodes permettront l’étude tant de l’architecture
interne que de la dynamique des sous-unités de la zone de scellement. Pour cela, des ostéoclastes
humains, diﬀérenciés à partir de monocytes sanguins, ont été imagés avec de nouvelles techniques
de microscopie aﬁn de dégager des informations quantitatives à l’échelle nanométrique sur la zone
de scellement. Ces résultats représentent la première description à une telle échelle de l’organisation
et la dynamique interne de cette structure cellulaire. De plus, l’utilisation de ressources de micro- et
nanotechnologies ont permis de mettre au point des substrats destinés à l’étude future des propriétés
de mécanosensibilité en trois dimensions, ainsi que les réponses cellulaires aux nano-topographies.
Pour permettre de présenter l’intégralité de mes travaux de thèse liés à cette étude, le manuscrit
a été organisé comme suit :
• Le premier chapitre présente une revue de la littérature en trois parties. La première partie
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se concentre sur le concept général de l’homéostasie osseuse. La structure de l’os y est décrite
selon diﬀérentes échelles, rendant compte de la complexité tant biologique que physique de
cet environnement cellulaire. Les diﬀérentes cellules osseuses : ostéoblastes, ostéoclastes et
ostéocytes y sont présentées, ainsi que leur rôle dans les étapes majeures du remodelage osseux.
Enﬁn, les mécanismes impliqués dans l’activité de résorption osseuse, tant physiologique que
pathologique, sont brièvement évoqués. La deuxième partie de ce chapitre aborde le sujet
des podosomes, structures d’adhérence majeures des cellules d’origine hématopoiétique. Leur
organisation à l’échelle nanométrique y est décrite à l’aide des études de cette dernière décennie,
ainsi que leurs mécanismes de régulation. De plus, leurs propriétés dynamiques, en tant que
structures mécanosensibles, y sont résumées. La dernière partie du chapitre 1 consiste en une
revue de littérature plus poussée sur les diﬀérents aspects de la zone de scellement. En premier
lieu, il y est fait état des connaissances actuelles quant à son organisation et ses diﬀérents
composants. Ensuite, les principaux régulateurs de la composition de la sealing zone sont
présentés à l’aide des diﬀérentes études s’étant intéressé aux ostéoclastes. Enﬁn, les propriétés
dynamiques à diﬀérentes échelles y sont décrites. Cette partie est destinée à donner lieu à la
publication d’une revue.
• Le deuxième chapitre présente les résultats majeurs de mes travaux de thèse sur la caractérisation à l’échelle nanométrique de l’architecture et la dynamique interne de la sealing zone,
à l’aide de techniques de microscopie de super-résolution de pointe et de microscopie électronique à balayage. Nous avons montré que la nouvelle technique de microscopie à illumination
aléatoire permet d’identiﬁer et d’imager en temps réel les sous-unités de la zone de scellement
des ostéoclastes humains. L’analyse des signaux temporels associés à l’actine a démontré qu’il
existe un degré de synchronie locale entre voisins, et non à l’échelle globale de la structure. De
plus, la localisation de protéines de liaison de l’actine a permis d’identiﬁer des groupe de plusieurs cœurs d’actine, chacun entouré d’un anneau d’α-actinine, délimités par des complexes
d’adhérence comprenant notamment la vinculine. Ainsi, ces travaux ont permis de mettre en
lumière pour la première fois que la sealing zone est composée d’îlots de cœurs d’actine synchrones, participant au conﬁnement de la zone de résorption. Ces résultats sont en cours de
ﬁnalisation, pour donner lieu à une publication dont je serai le premier auteur.
• Le troisième chapitre présente les étapes de mise au point et les résultats préliminaires de deux
projets réalisés au cours de ma thèse. Le premier projet visait initialement à développer des
substrats compatibles avec la mesure de forces en trois dimensions à l’aide de techniques de microscopie de super-résolution. A l’issue de ce projet, les substrats mis au point ne permettaient
pas encore d’atteindre cet objectif, néanmoins ils pourront permettre à court terme d’étudier
l’organisation à l’échelle nanométrique et en trois dimensions des structures d’adhérence dans
un contexte d’étude des propriétés de mécanosensibilité. Le second projet présenté dans ce
chapitre consiste en les travaux d’une stagiaire que j’ai aidé à encadrer lors de son stage de
ﬁn d’études à l’INSA de Toulouse. Son étude s’est porté sur la mise au point d’un protocole
pour produire des lamelles de verre présentant des topographies de l’ordre de la dizaine à la
centaine de nanomètres, et compatibles avec l’observation par microscopie de super-résolution.
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Ces substrats permettront également d’analyser l’organisation à l’échelle nanométrique et en
trois dimensions des structures d’adhérence cellulaires.
Au cours de mes travaux de thèse, j’ai donc pu mettre en place diverse techniques et méthodes
compatibles avec l’étude à l’échelle nanométrique de la zone de scellement des ostéoclastes tant
au niveau architectural que dynamique. De plus, la polyvalence de ces outils leur permettra d’être
utilisés dans de nombreux contextes étudiant les structures d’adhérence cellulaires, telles que les
podosomes individuels ou les adhérences focales.
En annexe de ce manuscrit ﬁgure également une publication dont j’ai participé à l’écriture au
cours de ma thèse (Bouissou et al., 2018). Cette publication décrit par écrit et en vidéo le protocole
pour mettre en place une expérience type de microscopie à force de protrusion, qui a été développé
lors des travaux de thèse d’une étudiante précédente, Anna Labernadie. Cette méthode permet de
quantiﬁer les déformations axiales causées par la présence de podosomes, sur un ﬁlm ﬁn de Formvar
observé à l’aide de microscopie à force atomique. Cet article a été publié en 2018, dans le journal
intitulé « Journal of Visualized Experiments ».
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In the context of bone remodeling, bone cells play a crucial role in regulating the microstructure of
the bone tissue. Their synergized actions allow for skeletal growth, fracture healing, adaptation to
musculoskeletal loads and calcium homeostasis. Sequential resorption by osteoclasts and formation
by osteoblasts, and most importantly the balance between these contrasting functions are required for
the constant renewal of bone matrix. Indeed, slight variations from this balance can have dramatic
eﬀects on bone integrity.
One of the most frequent results from this imbalance is the loss of bone density, namely osteoporosis. This bone disease leads to major socio-economic impacts, with approximately 3.5 million
persons over 50 with osteoporotic diagnostic in France and approximately 150 thousand fractures
per year, due to related bone weakness. Bone defect is not only an elderly issue, but it is also
associated with chronic inﬂammatory diseases, such as rheumatoid polyarthritis. Moreover, it can
consist in a major complication in the context of cancer, especially in the case of bone metastases,
or of infectious diseases like AIDS.
Recent treatments against bone density loss include bisphosphonate administration, which inhibit
osteolytic activity by interfering with osteoclast diﬀerentiation and viability. Yet, osteoclasts are
required to take part in the intricate signal pathways also regulating osteoblastic activity. Therefore,
by attempting to prevent bone resorption, bone formation ends up also being impaired. It appears
paramount to research new therapeutic strategies, mainly targeting the resorption activity at the
cellular level while preserving the cell integrity.
Hence, gathering the most precise and exhaustive description of the degradation apparatus of
osteoclasts is a crucial ﬁrst step towards identifying alternative therapeutic opportunities.
Osteoclasts digest bone mineralized and organic components at a speciﬁc plasma membrane domain: the ruﬄed border. To facilitate the digestion, an acidic microenvironment is established below
the ruﬄed border, and is isolated from the extracellular medium through a tight contact between
the surrounding plasma membrane and the matrix. This close contact is allowed by the presence of
a dense actin structure: the sealing zone.
The sealing zone has been intensively researched from the late 80s, and its ultrastructural properties have ﬁrst been reported in the late 2000s. It is composed of single actin cores, which are both
connected to the plasma membrane and to each other via an intricate network of actin ﬁlaments.
This actin organization is very similar to the architecture of individual podosomes, submicron adhesion structures found in hematopoietic cells. In addition, major actin crosslinker proteins, also
associated with podosomes, have been identiﬁed as involved in the sealing zone. However, their
identiﬁcation have mainly been combined with only a qualitative localization in this structure.
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The presence of such proteins involved in the rearrangement of actin ﬁlaments is a hallmark of
intense actin dynamics within the structure. Yet, the sealing zone dynamics has rather been studied
in macroscopic contexts, such as migration.
Furthermore, actin cyclic polymerization and depolymerization events have been related to the
periodic application of probing forces in individual podosomes. And considering the conﬁnement
role of the sealing zone, it is conceivable that forces are also applied below this superstructure.
Nevertheless, no tool has yet been proposed to characterize this mechanical aspect of the sealing
zone. Investigations of osteoclast migration on bone-mimicking substrates have also pointed out
its dependence on surface conditions, notably on variations of topography. Whether this global
alteration of the cell movement might be locally regulated by changes in localization of actin-binding
proteins is an issue yet to be tackled.
In this context, the main aim of this work was focused on developing tools and new approaches
based on nanotechnologies to help the investigation of the sealing zone architecture and dynamic
properties. Human osteoclasts diﬀerentiated from blood monocytes were observed with state-of-theart microscopy techniques to assess quantitative characteristics of the sealing zone. This resulted in
the ﬁrst description of both sealing zone inner architecture and dynamics at the nanoscale.
In addition, the use of micro- and nanotechnological resources have allowed for the design of
substrates to facilitate future studies in three dimensions of cell mechanics and cell responses to
substrate nanotopographies.
To set up the general context of this study, the main manuscript sections have been organized as
follows:
• the ﬁrst chapter presents a literature review focusing on bone homeostasis general concept,
introducing the major podosome characteristics, and a detailed state of knowledge concerning
the sealing zone. The third section of this chapter will likely be used as a draft for the future
redaction of a review;
• the second chapter consists in the report of the main results acquired when researching the
sealing zone architecture and inner actin dynamics at the nanoscale. This chapter is aimed at
leading to a publication in an international journal;
• the third chapter outlines the main stages and associated results of the development of two
substrates aimed at measuring 3D forces applied by adhesion structures or at assessing their
organization in the presence of topographies, at the nanoscale. The second part of this chapter
is based on the work of an intern, whose project was integrated in the global frame of my PhD
project.
In addition, a publication describing the protocol for protrusion force microscopy has been appended
in annex of this manuscript (Bouissou et al., 2018). This method proposes to quantify the axial deformations induced by podosomes on thin Formvar ﬁlms via atomic force microscopy measurements.
It was developed by the works of a previous PhD student, Anna Labernadie, and I participated in
the redaction of this publication during my PhD.
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Chapter 1.
Literature review
This chapter introduces the general concepts of bone homeostasis and podosomes. The third section
consists in a thorough examination of the current knowledge about the sealing zone in osteoclasts,
and will lead to the publication of a review article in 2020.
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1.1. Bone homeostasis
Bones are living, active tissues that are constantly being remodeled through life. This permanent
adaptation of both structure and architecture of bone tissue results in an inner microstructure
displaying heterogeneous mechanical and mineral properties. The functions of bones can be listed as
follows: mechanical support of soft tissues, levers for muscle action, protection of the central nervous
system, release of calcium and other ions for the maintenance of a constant ionic environment in
the extracellular ﬂuid, and housing and support of haematopoiesis. The structure and amount of
bone, both at the macroscopic and microscopic level, are determined by the genetic blueprint and
by regulatory factors that help carry out bone functions.
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Bone matrix degradation and de novo formation relies on the conjugated and tightly regulated
actions of the diﬀerent types of bone cells, that maintain a homeostatically controlled amount of
bone mass. Especially, impairments in bone degradation have been identiﬁed as involved in many
bone diseases, such as osteoporosis, leading to acute fracture risks and skeleton weaknesses. Thus,
the mechanisms modulating the resorption of bone have been under thorough scrutiny for the past
few decades, making them prime targets in the development of new therapeutic treatments.

1.1.1. Bone as a complex biological environment
Bones display multiple anatomic functions spanning from structurally supporting the body, providing anchorage for skeletal muscles, to protecting vital organs. They also provide an environment
for bone marrow, from where blood cells originate, and they act as a storage area for minerals,
especially calcium. It comprises an extracellular matrix (ECM) which is composed of both organic
materials and mineral components, blood vessels and nerves, and hosts three major types of bone
cells: osteoblasts, osteoclasts and osteocytes.

Structure of the bone matrix
Bone has a varied arrangement of material structures at many length scales that work in concert to
perform diverse mechanical, biological and chemical functions. Scale is of importance in discussing
bone architecture as the structure is hierarchical and complex. Indeed, each of its component phases
is associated with speciﬁc material properties, and all are linked via a structural relationship at the
various levels of hierarchical structural organization (Weiner et al., 1992; Landis, 1995). These levels
and structures are (Fig. 1.1):
• the macrostructure: cancellous and cortical bone;
• the microstructure (from 1 to 500 µm): Haversian systems, osteons, single trabeculae, lamellas;
• the nanostructure (from a few hundred nanometers to 1 µm): ﬁbrillar collagen and embedded
mineral, non-collagenous organic proteins.
This hierarchically organized structure has an inhomogeneous, yet optimized, arrangement and orientation of the components, making the material of bone heterogeneous and anisotropic.

The macrostructure - At the macrostructure level, bone is distinguished into the cortical (or
compact) and cancellous (or trabecular) types (Carter et al., 1977; Gibson, 1985; Rho et al., 1993).
In cross-section, the end of a long bone such as the femur displays a dense cortical shell with a porous
internal part. Flat bones such as the calvaria have a sandwich structure: dense cortical layers on
the outer surfaces and a thin, reinforcing cancellous structure within.
In general, cancellous bone material is much more active metabolically, is remodeled more often
than cortical bone, and is therefore ‘younger’ on average than cortical bone (Fernández et al., 2006).
It is composed of bony trabecular struts and marrow-ﬁlled cavities, and displays high anisotropy,
even though a preferential orientation of the struts can be deﬁned thanks to Wolﬀ’s law (Wolﬀ, 1892;
Van Rietbergen et al., 1996; Odgaard et al., 1997). Furthermore, its microstructure is characterized
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Figure 1.1.: Hierarchical structural organization of bone: (a) cortical and cancellous bone; (b)
osteons with Haversian systems; (c) lamellae; (d) collagen ﬁber assemblies of collagen ﬁbrils; (e)
bone mineral crystals, collagen molecules, and non-collagenous proteins. Adapted from Rho et al.,
1998.
by irregular and sinuous convolutions of lamellae. Typically, its porosity percent ranges form 5 % to
95 %.
In contrast, cortical bone shows lesser regional heterogeneity, which might be the result of the
lower turnover rate. Its microstructure is distinguished by regular and cylindrically-shaped structure,
called osteons (Wheater, 2006). Both types of bone are most easily distinguished by their degree of
porosity and density, but also upon histological evaluation of their speciﬁc microsctructure.

The microstructure - Collagen ﬁbers arrange into planar layouts when they are mineralized,
and form what is called lamellae. Lamellae can be categorized into thin or thick lamellae, depending
on their degree of homogeneity in collagen ﬁber orientations and on their compactness.
A few of these can wrap in concentric layers around a central canal to establish an approximately
200 µm wide Haversian system, composed of an osteon with its Haversian canal (Fig. 1.2). Osteons
have been shown to have their major axis roughly parallel to the long axis of the bone (Bullough
et al., 1984). What is more, the major orientation of collagen ﬁbers within lamellae can either be
longitudinal - coplanar with osteon long axis - or alternating, which confers them diﬀerent mechanical
strengths depending on the loading mode (Ascenzi et al., 1967; Ascenzi et al., 1968; Ascenzi et al.,
1990; Ascenzi et al., 1994). The spacing between two lamellae composing an osteon displays numerous
small cavities, which are called lacunae and host osteocytes. These lacunae are interconnected via
micron-sized channels, namely canaliculi, radiating from each lacuna and eventually reaching the
central Haversian canal. Blood vessels and nerve ﬁbers are contained within the Haversian canal, and
also run transverse to osteon major axis in Volkmann’s canals, ensuring the transport of nutrients
and cells from the periosteum to the endosteum and back (Eriksen et al., 1994; Wheater, 2006).
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Osteons represent the essential brick of cortical bone.

Figure 1.2.: Structural organization of osteons in the epiphysis of a long bone. There are two basic
systems: the Haversian canals within osteons, which run near longitudinally, and the Volkmann
canals, which run nearly radially. The two systems are intimately anastomosed to each other.
Canaliculi serve to connect osteocytic processes. Adapted from Cowin et al., 2015.
In contrast, cancellous bone is made of an interconnecting framework of trabeculae, plates and
rod-like elements ranging from 50 to 500 µm in diameter. They have been showed to align towards
the major mechanical load distribution within long bones and some short bones (Gdyczynski et al.,
2014).

The nanostructure - In contrast to all other physiological extracellular matrices, bone matrix
displays the particularity of being mineralized. It is mostly composed of type I collagen ﬁbers assembled from single collagen ﬁbrils, in which collagen molecules and hydroxyapatite crystals alternate
in a periodic fashion (Glimcher, 1989). Mature hydroxyapatite crystals are plate-shaped, and occur
within the discrete spaces within collagen ﬁbrils, thus forcing their discontinuous distribution. They
display a speciﬁc crystalline orientation, with their vertical axis - c axis - aligning with collagen ﬁbril
long axis (Kuhn-Spearing et al., 1996). Collagen molecules self-assemble into ﬁbrils with a speciﬁc
tertiary structure, displaying a 67 nm periodicity and 40 nm gaps between each molecule.

Bone cells involved in the bone remodeling process
Both bone tissue growth during development phase and bone repair and remodeling through life
are coordinated processes controlled by the speciﬁc functions of three types of bone cells (Fig. 1.3).
Osteoblasts form new bone matrix and osteoclasts resorb bone, while osteocytes are in charge of
generally maintaining bone tissue integrity.
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Figure 1.3.: Bone cells involved in the bone remodeling process. Osteoclasts are responsible for the
resorption of bone tissue, and originate from the monocytic lineage. Osteoblasts are mainly involved
in the formation of the osteoid, and they are part of the mesenchymal lineage. Osteocytes mediate
both processes of bone formation and resorption by interacting with osteoblasts and osteoclasts
through many processes reaching out within canaliculi. Adapted from Servier Medical Art.

Osteoblasts - Osteoblasts are mononuclear cells derivated from the mesenchymal lineage. They
are located on the surface of osteon seams and secrete a protein mixture known as osteoid, which
then mineralizes to become mature bone tissue. Osteoid is mainly composed of type I collagen - 90%
of the secreted mix -, and of non-collagenous SIBLING proteins - standing for small integrin-binding
ligand, N-linked glycoprotein. Among these glycoproteins are ﬁbronectin, vitronectin, osteopontin
an osteocalcin, which allow bone mineralization after crystallization of hydroxyapatite via deposition
of calcium and phosphate (Khurana et al., 2009).
Osteoblasts regulate diﬀerentiation and function of other bone cells like osteoclasts, through secretion of various molecules. Among them are notable cytokines such as RANK-L - receptor activator
of nuclear factor κ-B ligand - and M-CSF - macrophage colony stimulating factor -, which can induce
for in vitro osteoclastogenesis. Moreover, osteoblasts are actively involved in mineral homeostasis
and bone metabolism through their response to two central hormones, namely parathyroid hormone
and 1,25-dihydroxyvitamin D3.

Osteoclasts - Osteoclasts are multinucleated giant cells from the hematopoietic lineage. They
are located on bone surfaces in what are called Howship’s lacunae - or simply resorption pits. Their
main function consists in degrading both organic and mineralized bone components. To do so,
they actively secrete protons to locally decrease the pH and thus dissolute apatite crystals, and
proteases to enable the breakdown of the protein scaﬀold (Coxon et al., 2008). Upon this bone
matrix disassembly, minerals - calcium, phosphate, magnesium -, peptides from degraded proteins
and signaling molecules are released in the cell microenvironment, and eventually reach the blood
stream (Mulari et al., 2003; Yadav et al., 2011).
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Osteoclast diﬀerentiation and function are monitored by osteoblasts and osteocytes through
RANK-L expression, and also by immune cells through several others cytokines such as M-CSF,
TNF-α and interleukins (Nakashima et al., 2011; O’Brien et al., 2013). In contrast, osteoclasts
are involved in chemotactic migration processes of osteoblasts through PDGF expression (SanchezFernandez et al., 2008).

Osteocytes - Osteocytes are mononucleated cells originated from osteoblasts that have embedded
themselves in the newly formed bone matrix they secreted. They occupy lacunae, and display many
processes reaching out within canaliculi, allowing them to communicate with other osteocytes via
gap junctions as well as with other bone cells via secretion of signaling molecules (Tanaka-Kamioka
et al., 1998; Khurana et al., 2009; Dallas et al., 2013). Indeed, they are known to be mechanosensory
cells, able to translate loading stresses into facilitation of macromolecule diﬀusion, such as paracrine
factors regulating bone remodeling (Santos et al., 2009; Paiva et al., 2017).
Osteocytes are involved in mediating osteoblast-induced bone formation through the expression
of OSF-1 - osteoblast-speciﬁc factor 1 -, DMP1 - dentin matrix protein 1 - and sclerostin (Tezuka
et al., 1990; O’Brien et al., 2013). They have also been shown to consist in the major source of
RANK-L, a crucial cytokine for osteoclastogenesis and bone resorption (Xiong et al., 2011).

1.1.2. Bone remodeling process
Bone has the ability to remodel, by altering its size, shape and inner structure in order to meet the
mechanical demands to which it is submitted (Buckwalter et al., 1995). Bone remodeling occur in
discrete foci approximately 2-3 mm long and 200-300 µm wide (Gruber et al., 2008). These packets
were termed “bone remodeling units” upon their ﬁrst description by Frost in 1964 (Frost, 1965).
They are also often found referred to as “basic multicellular units” in the recent literature, and are
composed from the major bone cells accompanied by a blood supply and supportive connective tissue
(Jilka, 2003; Sims et al., 2014).

Main stages of the remodeling cycle
The remodeling process allows for the replacement of “old” bone tissue presenting altered material
properties, by newly formed bone matrix, via a resorption front. Thus, a given bone fraction is
regenerated with a few year frequency, and the whole bone mass takes approximately 10 years to be
entirely renewed (Couret, 2004).
The typical duration of a remodeling cycle spans approximately 4 months for an adult, with the
bone formation phase being longer than the resorption phase. It can be initiated as a result of events
such as microfracture, mechanical loading, or low calcium due to pregnancy or a deﬁcient diet. Bone
remodeling process can be divided in six main stages: activation, resorption, reversion, formation,
mineralization and latency, even though the nomenclature for this process is not universal (Dempster
et al., 2006; Kini et al., 2012).
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Activation - The activation phase lasts approximately two to three days, during which osteocytes
are activated through multiple environment stimuli such as local mechanical strains exceeding a
certain value. They subsequently send out signals to promote both hematopoietic cell diﬀerentiation
into osteoclasts, and mesenchymal cell diﬀerentiation into osteoblasts.

Resorption - The resorption phase spans from thirty to forty days. During this stage, osteoclasts
adhere to the bone matrix in order to degrade its components through acidiﬁcation and enzyme
digestion. Each cell breaks down bone microstructure at an approximate speed of 40µm.day −1 , for
a duration of ten days and is eventually relayed by other osteoclats.

Reversion - The reversion phase corresponds to the change in the active bone cells: osteoclasts
are progressively replaced by osteoblasts over a period of approximately two days.

Formation - The formation phase spans approximately eighty days, during which osteoblasts
mainly secrete collagenous and non-collagenous proteins, along with growth factors. The newly
formed osteoid is created with a longitudinal speed of approximately 15 µm.day−1 and a radial
apposition speed of approximately 1 µm.day−1 .

Mineralization - The mineralization phase is the longest active one, as it spans months. Osteoblasts change their secretion from organic to mineral material, in order to promote the crystal
growth of hydroxyapatite crystals within the collagen networks. A primary mineralization stage
occurs for the ﬁrst few days of this phase, during which more than half of the total mineralization of
the new osteoid is achieved. Then, a secondary mineralization lasts approximately six months and
is characterized by a decreasing rate of mineral apposition.

Latency - The last phase is an inactive one, during which the newly shaped bone microstructure
is completely formed until the next remodeling cycle replaces it. Osteoblasts either transform into
“bone lining cells”, which are quiescent cells present at sites where active bone formation is absent
(Bartl et al., 2009), or into osteocytes. It can also be viewed as the ﬁrst stage of the remodeling
cycle, as seen in Figure 1.4.
Thus, the bone remodeling cycle results in the generation of a new osteon or bone lamella within
pre-existing bone microstructure.

Factors influencing the bone remodeling process
The bone remodeling process depends on environmental factors to ensure that the specialized bone
cells have access to the targeted remodeling site, they eﬃciently communicate and they are induced
to normally function. This is achieved through the vascularization and innervation of the bone tissue,
and also via numerous biochemical factors.
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Figure 1.4.: The main stages of the bone remodeling process. Quiescent describes inactive bone
prior to remodelling initiation. Then, as a result of events altering the bone tissue integrity, the
activation phase begins. Resorption then begins, with osteoclasts degrading the bone and liberating
growth factors. The formation phases begins with osteoid, a collagenous matrix, being deposited
to ﬁll the cavity. This is mineralised over the following 3-6 months by osteoblasts secreting matrix
vesicles. Adapted from Owen et al., 2018.

Vascularization and innervation of bone - Vascularization of the bone tissue is ensured
by a peripheral network of vessels located near the periosteum. As it has been stated earlier, blood
vessels are allowed to enter bone via both Volkmann’s and Haversian canal networks (Fig. 1.5). The
major arterial supply to the diaphysis is from the nutrient artery. There is an abundant capillary
bed throughout the bone tissue that drains outwards to the periosteal veins.
Along with the vessels, nervous ﬁbers also run through inside these canals. Moreover, the nerve
trunk is located inside the diaphysis, within the medullary cavity where it coexists with both bone
marrow and feeding vessels (Wheater, 2006). Once osteoclast precursors have arrived at the remodelling site from the bloodstream or surrounding marrow, two factors are predominantly responsible
for their maturation into osteoclasts: M-CSF and RANK-L.

Biochemical factors - In addition to the regulation of osteogenesis by genetic factors controlling
the size and shape of bones and to mechanical cues inducing structural and material alterations, bone
remodeling is governed by biochemical factors. Some of the major biomolecules involved in bone
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Figure 1.5.: The capillary network within cortical bone. The vascular connection between bone
marrow, cortex, periosteum and attached muscle displays multiple pathways. The radial branches of
the nutrient artery form a leash of arterioles that penetrate the endosteal surface to supply the bone
capillary bed. Small arterioles from these radial branches supply the marrow sinusoids adjacent to
the bone. The transcortical blood supply transits in the Volkmann canals and the longitudinal blood
supply transits in Haversian systems or osteons. Adapted from Cowin et al., 2015.
homeostasis are listed as follows (Fig. 1.6):
• RANK, expressed on osteoclasts, and its ligand RANK-L, member of the tumour necrosis
cytokine family that is predominantly produced by osteoblast-lineage cells; but also osteoprotegerin (OPG), which is a decoy receptor that prevents RANK activation through its binding
to RANK-L. Therefore, the resorption process is directly dependent on the RANK-L:OPG
ratio (Mizuno et al., 1998; Boyce et al., 2007);
• M-CSF that inﬂuences diﬀerentiation and survival of hematopoietic precursors. It is produced
by osteoblasts and stromal cells, and binds on its speciﬁc receptor colony-stimulating factor-1
receptor (c-fms) (Hodge et al., 2007);
• osteopontin is part of the extracellular matrix glycoproteins which compose bone, it anchors
osteoclasts to bone matrix during the remodeling process (Reinholt et al., 1990);
• cathepsin K, an osteoclastic cysteine protease, and matrix metalloproteinase-9 (MMP-9), an
osteoclastic enzyme, both of which serve as catabolizing agents for the breaking down of
collagen and gelatin (Sprangers et al., 2017);
• tartrate-resistant acid phosphatase (TRAP) is also an osteoclastic enzyme, of which activity
strongly correlates with bone resorption, and consists in one the key features for osteoclastic
cell identiﬁcation (Hayman et al., 1996; Halleen et al., 2000);
• alkaline phosphatase is an enzyme secreted by osteoblasts that promotes the formation of
hydroxyapatite crystals within the newly formed osteoid (Orimo, 2010);
• runt-related transcription factor 2 (RUNX2) is a key transcription factor associated with
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•
•

•

•

osteoblast diﬀerentiation, and has been described to regulate bone formation through its interaction with osterix (Nakashima et al., 2002; Komori, 2010);
parathyroid hormone (PTH) can indirectly stimulate osteoclastogenesis by action on osteoblasts (Borba et al., 2010);
1,25-dihydroxyvitamin D3 is the active form of vitamin D3, and has been shown to stimulate
RANK-L expression in osteoblasts and osteocytes (Kitazawa et al., 2002; Shevde et al., 2002;
You et al., 2008).
growth factors stimulate and activate osteoprogenitor cells, which will eventually diﬀerentiate
into osteoblasts and osteocytes, and were proposed to be released during resorption and initiate
local bone formation (Hauschka et al., 1986; Pfeilschifter et al., 1987; Mohan et al., 1991);
estrogenes and steroid hormones have notably been shown to control the initiation of endochondral ossiﬁcation processes, and to be important for promoting the diﬀerentiation of stem
cells into osteoblasts (Gruber et al., 2008).

Figure 1.6.:

Systemic and growth factor regulation of bone remodeling. Parathyroid hormone is involved in nu-

merous signaling pathways, ranging from inducing differentiation of committed osteoblast precursors, stimulating the
proliferation and differentiation of osteoprogenitors to mature osteoblasts via IGF-1, to inducing secretion of RANK-L
and M-CSF from mature osteoblasts to promote osteoclastogenesis. Vitamin D3 stimulates osteoblastogenesis via
differentiation of mesenchymal stem cells to osteoblasts. Calcitonin increases osteoblast proliferation and suppresses
bone resorption by inhibiting the activity of osteoclasts. Estrogen inhibits bone resorption by directly inducing apoptosis of the bone-resorbing osteoclasts. Androgens can also indirectly inhibit osteoclast activity and bone resorption
via effects on osteoblasts/osteocytes and the RANKL/RANK/OPG system. Besides systemic hormonal regulation,
other growth factors, such as IGFs, TGF-β, FGFs, EGF, WNTs, and BMPs, also play a significant role in regulation
of physiological bone remodeling. Adapted from Siddiqui et al., 2016.
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Remodeling defects and bone diseases
Besides fractures and other dramatic physical defects, the previously cited environmental factors can
also hamper bone integrity. Indeed, a slight divergence in the synergy between bone forming process
and bone degrading process can induce either an increase of bone mass and density: osteopetrosis,
or on the contrary a decrease in bone mass and density: osteopenia, and osteoporosis when the
imbalance is substantially tilted towards bone loss.
While osteopetrosis is a hereditary genetic disorder that only rarely occurs in humans, osteoporosis
is a prevalent disease mostly due to the decrease in steroid hormone expression with age. It aﬀects
humans with a ratio of one in every three women and one in every eight men worldwide (Bartl
et al., 2004). It induces a greater risk of bone fractures which obviously impair the quality of life
of the patients, but also pose an increased risk of mortality (Bartl et al., 2004). So far, most of the
clinical treatment strategies have focused on hampering osteoclast-mediated bone resorption, so as
to reduce the pathological decline in bone mass. Although, emerging treatments have rather elected
to stimulate osteoblastic counter-activity of bone formation (Marie et al., 2011).
In the 1970s, growing evidence has been found of the possible regulation of bone cells by the immune system. Indeed, studies focusing on soluble factors secreted by leucocytes and myeloma cells,
such as interleukin 1, have described their stimulating eﬀect on osteoclastic activity (Horton et al.,
1972; Mundy et al., 1974; Dewhirst et al., 1985). In addition to the subsequent ﬁndings of common
signaling or cytokine regulation pathways, the fact that bone and immune systems share an immediate vicinity within bone microstructure has raised questions pertaining to a possible physiological
cross-regulation. This exploration gave rise to a new scientiﬁc ﬁeld, namely “osteoimmunology”
(Arron et al., 2000).
A large area of osteoimmunology has focused on tackling the implication of autoimmune diseases
in pathological bone remodeling. One example of such an implication is the case of rheumatoid
arthritis, a systemic autoimmune disease, which is characterized by acute inﬂammation of the joints
with severe articular bone and cartilage erosion (Schett et al., 2012) (Fig. 1.7). It is thought
that at the preclinical stage, the interaction of aggravating environmental factors with genetic and
epigenetic regulation would result in alterations of some self antigens (McInnes et al., 2011). The
immune system would thus hypothetically decrease its tolerance to these altered antigens, inducing
the release of autoantibodies in the bone marrow by lymphocytes. It has been demonstrated that one
of these autoantibodies could promote osteoclastic diﬀerentiation, leading to an increased number
of bone-resorbing cells and eventually to severe bone loss in joints (Harre et al., 2012).
Another example of the cross-talk between the immune system and bone cells is the observation
of bone defects in the context of HIV infection (Cotter et al., 2014). Indeed, when HIV infection
occurs, the balance between bone formation and resorption is impaired by an increase of osteoclast
diﬀerentiation and activity (Gruber et al., 1995; Fakruddin et al., 2005) associated to apoptosis
activation and biological activity inhibition of osteoblasts (Wang et al., 2002; Cotter et al., 2007;
Gibellini et al., 2008) (Fig. 1.8). What is more, it has been recently demonstrated that HIV pathogen
is able to directly elicit preferential bone resorption via its targeting of osteoclasts in vivo (Gohda
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Figure 1.7.: Evolution of bone erosion in the course of rheumatoid arthritis. During the preclinical
phase, anti-citrullinated protein antibodies are produced early on by plasma cells and can stimulate
osteoclast diﬀerentiation and lead to initial bone loss. These early changes may initiate in the
bone marrow adjacent to the joint. Synovitis at the onset of clinical disease leads to production
of cytokines, which stimulate osteoclastogenesis by inducing expression of RANK-L, and synergize
with RANK-L to enhance bone erosion. Established rheumatoid arthritis is characterized by the
presence of large bone erosions ﬁlled with inﬂamed, synovially derived pannus tissue. Adapted from
Schett et al., 2012.
et al., 2015; Raynaud-Messina et al., 2018) and their speciﬁc intracellular osteolytic structure.

Figure 1.8.: Direct bone eﬀect of HIV. HIV-1 directly infects circulating osteoclast precursors, enhancing their diﬀerentiation and migration to bones, and also alters the structure and function of
the osteoclast sealing zone, the resorption apparatus of the bone. Adapted from Raynaud-Messina
et al., 2018.
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1.1.3. Bone resorption by osteoclasts
Mature osteoclasts have one main task as bone cells, which consists in bone resorbing and makes
their speciﬁcity. As has been pointed out earlier, bone resorption is one of the main stages during
the remodeling process, allowing for bone development and reshaping. Furthermore, most of the
pathological bone conditions are due to an increase in osteoclastic activity. Hence, unraveling the
intracellular mechanisms responsible for bone degradation has been of the utmost importance for
the last decades. Bone resorption has been described as a multi-step process involving adherence to
bone, cytoskeletal reorganization, membrane compartmentalization and vesicular traﬃcking.

Membrane compartmentalization and cytoskeleton rearrangement
Osteoclastic activity is notably deﬁned by speciﬁc morphological alterations. Indeed, upon matrix
recognition osteoclasts are switched to an active form, in which adhesion to the bone surface is
followed by a rearrangement of their cytoskeleton. Osteoclast cytoskeleton is considered unique in
its ability to polarize the cell resorptive machinery to the bone-cell interface, where it creates an
isolated resorptive microenvironment consisting of an actin ring: the sealing zone, surrounding a
speciﬁc membrane domain: the ruﬄed border (Teti et al., 1991). The sealing zone allows for the
segregation of the resorptive microenvironment from the general extracellular medium (Teitelbaum,
2011), and will be discussed in further details in a speciﬁc section 1.3 of this chapter.
Osteoclast membrane display distinctive compartments: the basolateral membrane forms a functional secretory domain at its topmost location, and the apical domain is reorganized with multiple
membrane convolutions and ﬁnger-like projections to form the so-called ruﬄed border (Vaananen
et al., 2000; Mulari et al., 2003). These convolutions allow for an enhanced surface in contact with
bone, even though the area deﬁned by the sealing is restricted. Both domains display acute vesicular
traﬃcking from the ruﬄed membrane to the opposite apical secretory domain during the degradation
process.

Bone degradation - vesicle trafficking, acidification and proteolysis
Integrin-mediated transmission of extracellular signals induce the migration of proton pumps towards
the ruﬄed membrane via their transport in acidifying vesicles. In the cell cytosol, lytic enzymescontaining vesicles are synthesized to be secreted into the resorption lacuna underneath the cell, via
exocytosis (Fig. 1.9).
Osteoclasts acidify the extracellular conﬁned environment by secreting protons, which are provided
by the enzyme carbonic anhydrase, with the help of vacuolar electrogenic H+ -transporting adenosine
triphosphatase (v-ATPase) (Baron et al., 1985; Blair et al., 1989; Frattini et al., 2000). This proton
evasion is counterbalanced by the chloride-carbonate exchange at the basolateral membrane, and
the release of chloride ions through the CIC-7 channel at the ruﬄed border, in order to prevent an
intracellular increase of pH value (Sly et al., 1985; Kornak et al., 2001). Hence, the resorption lacuna
is ﬁlled with an hydrochloride-containing medium, which buﬀers its pH value at approximately 4.5.
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This acidiﬁcation allows for the break down of mineral apatite crystals, and subsequently providing
access the matrix organic components such as type I collagen.

Figure 1.9.: Schematic view of a bone resorbing osteoclast. At the ruﬄed border, the extracellular
vacuole is acidiﬁed by secreting protons thanks to transporting adenosine triphosphatase (v-ATPase).
Collagen is degraded by proteases released by lysosomes such as cathepsin K, and metalloproteases
such as MMP-9, including collagenase and gelatinase. Intracellular alkalization is prevented by expulsion of Cl− through CIC-7 chloride channel and chloride-bicarbonate exchanges at the basolateral
membrane. Adapted from Soysa et al., 2016.
The organic part of the bone matrix is digested by proteases such as cathepsin K, and metalloproteases including collagenase and gelatinase. The low pH zone provides the optimal conditions for
cathepsin K to degrade the collagenous matrix (Drake et al., 1996). What is more, it has been shown
to be associated with the lysosomal protein synaptotagmin VII (Syt VII) and lysosome-associated
membrane protein-2 (LAMP2) within lysosomes. Thus, Syt VII regulates the secretion of cathepsin
K in lysosomes. It has also been proposed to work along with SNARE proteins, which are known
to be involved in the vesicular traﬃcking in exocytosis, in order to control the merging of lysosomes
with the ruﬄed border by facilitating the apposition of both membranes (Zhao et al., 2008).
MMP-9 is the most expressed MMP by osteoclasts and is also capable of degrading demineralised
collagen. However, in addition to this role it also appears to be involved in osteoclast recruitment
through the conversion of the inactive form of TNF-α into the active cytokine, promoting osteoclast
formation and survival (Paiva et al., 2017).
In addition, it has been demonstrated that the degraded matrix products are endocytosed at the
ruﬄed border, subsequently submitted to further degradation within secondary lysosomes. Some
are also transcytosed and transported to the basolateral secretory domain to be released into the cell
environment (Bruzzaniti et al., 2006). This disposing of resorption products allows for the further
excavation of bone tissue by osteoclasts, while maintaining their tight attachment to the matrix.
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Autophagocytosis has also been shown to play a role in bone resorption, as facilitating ruﬄed
border formation. Indeed, autophagy proteins Atg5, Atg7 and LC3 have recently been revealed to
play a crucial role in the vectorial secretion of lysosomal constituents, including cathepsin K (DeSelm
et al., 2011).

Resorption/migration cycles
The functional cycle of osteoclastic activity also relies on the alternation between a bone adhesion
and resorption phase and a migration stage to bring the cell to new resorptive sites. Indeed, basic
multicellular units dig and ﬁll tunnels through cortical bone and in trabecular bone they create
trenches on the surface (Fig. 1.10). The osteoclasts are at the front, forming the cutting cone, with
osteoblasts behind forming the closing cone. The basic multicellular units can move in all three axes
in cortical bone and in the two axes in trabecular bon as they lie on the surface of lamellae (Parﬁtt,
2002; Clarke, 2008).

Figure 1.10.: Remodeling is initiated within basic multicellular units at points beneath the canopy
of cells lining trabecular bone (upper panels) and within cortical bone Haversian canals (lower
panels). Osteoclast and osteoblast precursors reach the basic multicellular units due to the proximity
of blood vessels. Adapted from Sims et al., 2014.
As osteoclasts are part of the monocytc lineage, their migration during the bone remodeling
process is thought to be driven by podosomes: punctate actin rich adhesion structures that have
been found in the sealing zone (Linder et al., 2015), discussed in the next section of the chapter
1.2. Indeed, it was suggested that osteoclasts can assume a cyclic switch between a sealing zone-
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associated state and a non-presenting sealing zone state, respectively alternating between resoprtive
activity and motility (Saltel et al., 2008; Novack et al., 2011). This hypothesis relies on two in vitro
observations:
• the sealing zone structure appears quite stably maintained in a given location during the whole
degradation process;
• the resorption traces observed after osteoclasts were plated on bone-mimicking matrices are
shaped in individual pits, sometimes partially overlapping and displaying trail-like patterns.
Therefore, if this hypothesis proves to be true, it would mean that osteoclasts are able to undergo fast
transitioning between two diﬀerent axes of polarization: apico-basal polarization during resorption,
antero-posterior polarization during migration.
However, recent studies have led to the emergence of another plausible mode to combine resorption
and migration (Rumpler et al., 2013). Indeed, a distinction between osteoclasts preferentially forming
individual pits and others displaying preferably continuous trenches has been proposed, based on the
sex of the blood donors from which monocytes had been extracted (Merrild et al., 2015) (Fig. 1.11).
Furthermore, time-lapse observation of degrading osteoclasts conﬁrmed their capacity of temporally
combining their resorptive and motile activities (Søe et al., 2017). This novel ﬁnding hence exhibits
that a podosome superstructure such as the sealing zone endorses the dual function of adhesion and
matrix remodeling.

Figure 1.11.: Matching resorption patterns generated by OCs in vitro and in vivo. (a) Pits (left)
and trenches (right) generated by OCs in vitro on bone slices, and corresponding actin conﬁgurations
of these OCs as shown by confocal ﬂuorescence imaging (green). (b) Pits (left) and trenches (right)
generated by OCs in vivo.Trabecular bone surfaces from the iliac crest of adult sheep were observed
through SEM. Adapted from Merrild et al., 2015.
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1.2. Individual podosomes
Podosomes are dot-like, highly dynamic adhesion structures, which are found in various types of
motile cells from myeloid origin, such as macrophages, dendritic cells or osteoclasts. They were
ﬁrst observed in monocytes and osteoclasts through ﬂuorescence observation of actin distribution,
as peculiar punctate aggregations (Zallone et al., 1983). They have been subsequently demonstrated
to form either constitutively in monocytic cells such as monocytes, macrophages and immature
dendritic cells (Linder et al., 2000b; Linder et al., 2000a; Burns et al., 2004; Linder, 2009), or in an
induced manner in smooth muscle cells, endothelial cells or ﬁbroblasts in response to soluble factors
or oncogenes (David-Pfeuty et al., 1980; Moreau et al., 2003; Burgstaller et al., 2004; Burgstaller
et al., 2005). In macrophages or dendritic cells, podosomes are mostly found randomly distributed
in an individual manner throughout the ventral membrane, whereas they can also arrange into a
superstructure called the sealing zone in osteoclasts. Their typical diameter ranges in the submicron
scale, with a measured height of approximately 0.6 µm (Linder, 2009; Labernadie et al., 2010).
They have been shown to be involved in the degradation of the extracellular matrix through a local
proteolytic activity (Wiesner et al., 2010).

1.2.1. Podosome molecular composition and regulation
Even though their molecular composition is very similar to that of focal adhesions, owing to their
sharing of a multitude of proteins included in the more than 300 members of the podosome proteome,
podosome architecture greatly contrasts with focal adhesion organization (Cervero et al., 2012).
Indeed, ﬁlamentous actin (F-actin) is assembled in a densely packed core facing the membrane.
Surrounding the core, integrins form a ring in which are also found adaptor proteins linking them
to actin ﬁlaments. A third functional subdomain has been recently located above the podosome
core, namely the cap domain, and is currently under thorough scrutiny thanks to the acute advances
in microscopy techniques. Each of these domains are characterized by a certain number of typical
proteins, the presence and localization of which is closely related to various regulation pathways.

Podosome molecular composition
Individual podosomes have been geometrically characterized as displaying a core of approximately
200 nm in diameter, and a ring of adhesion proteins 200 nm wide and located at 350 nm from
the core (Proag et al., 2015; Staszowska et al., 2017). Moreover, their spatial distribution shows no
apparent lattice pattern, and within this randomly generated population each individual is separated
from its closest neighbor of approximately 1.2 µm, in human monocyte-derived macrophages (Proag
et al., 2015). Each of the podosome subdomains is characterized with a speciﬁc arrangement of actin
ﬁlaments: the core consists in a densely packed column of vertical ﬁlaments, which is connected to
its adhesion ring via long radial ﬁlaments tilted relative to the membrane plane, and is covered at
its topmost extremity by a cloak-like area (Fig. 1.12).
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Figure 1.12.: Podosome architecture and composition. Podosomes are displayed as numerous dotlike structures at the substrate-contacting cell membrane, as in the case of a macrophage seeded
on a 2D matrix (left). An architectural model is proposed of podosome substructures (cap, core
and ring), as well as the arrangement of lateral unbranched acto-myosin ﬁlaments and acto-myosin
cables connecting individual podosomes (center). Typical components of podosome cap, core and
ring substructures are indicated (right). Adapted from Linder et al., 2015.

Podosome core domain - Both transmission and scanning electronic microscopy (TEM and
SEM, respectively) techniques revealed the accumulation of actin ﬁlaments at podosome sites, and
their close contact with the membrane below in the 80s (Hartwig et al., 1986; Gavazzi et al., 1989).
Additionally, observation with electronic microscopy of cells with their dorsal membrane torn away
by mechanical or chemical actions previous to image acquisition - this technique is subsequently
referred to as unrooﬁng (Heuser, 2000) - revealed precious ultrastructural insights: the preferential
vertical orientation of F-actin at the core, the radial organization of ﬁlaments around each core,
and the interaction of podosomes with other cytoskeleton polymers such as microtubules (Evans
et al., 2003; Gawden-Bone et al., 2010). Advances in immunostaining techniques for TEM have
allowed for the precise localization of podosome inner components in transverse two-dimensional
(2D) sections: F-actin at the core distributed in a dome-like shape, but also other proteins such as
gelsolin (Gawden-Bone et al., 2010).
It also contains actin-interacting proteins, such as α-actinin, gelsolin and cortactin (Fig. 1.13).
Cortactin, via its interaction with F-actin and the Arp2/3 complex, is involved in the regulation and
stabilization of the branched actin networks (Weed et al., 2001; Weaver et al., 2001; Weaver et al.,
2002; Osiak et al., 2005). Its phosphorylation by the tyrosine kinase protein Src promotes actin
ﬁlament assembly in podosome cores, and has been related to the invasiveness properties of tumor
cells (Kaverina et al., 2003; Kirkbride et al., 2011). Additionally, as the Arp2/3 complex serves both
as a nucleation site and a ﬁlament-branching anchorage point, its localization at the core substantiate
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the hypothesis of a high interconnection degree of F-actin within the core (Linder et al., 2000a;
Yamaguchi et al., 2005; Baldassarre et al., 2006). However, a more resolved technique of acquisition
allowing in-depth exploration at the single ﬁlament scale, such as cryo-electron tomography, would
greatly help in completely assessing the geometry of the actin network (Medalia et al., 2007).
FilaminA and α-actinin have also been observed in the core domain, in which they act as bundling
proteins (Zhou et al., 2010; Kim et al., 2011). FilaminA has been shown to be involved in stabilizing
podosomes in monocyte-derived macrophages (Guiet et al., 2012). Moreover, Tks5, which is an
adaptor protein and a substrate for Src, has been located in podosome cores of human cancer cells
cells, and appears to be required for both podosome formation and mesenchymal migration mode.
Additionally, as it appeared to be overexpressed in human cancer cells and tumor tissues, and is
involved in invasive processes (Seals et al., 2005).
Noticeably, some transmembrane proteins are also present at the core, such as CD44, which
recognize hyaluronic acids, laminins and collagen (Chabadel et al., 2007). Indeed, it has been
observed that activation of integrin sub-unit β1 resulted in an increase in the degradation of the
extracellular matrix by melanoma cells (Nakahara et al., 1998). Furthermore, this integrin appears
as crucial for the integrity of podosomes, as its loss induced the dissolution of podosomes and
its malfunction yielded a disorganization and disassembly of podosomes, being replaced by focal
adhesions in Src-transformed ﬁbroblasts (Destaing et al., 2010).

Podosome ring domain - Podosome adhesion ring is composed of both transmembrane proteins, and proteins involved in connecting the actin cytoskeleton to integrins or in transducing
signals (Fig. 1.13). Integrin sub-unit β2 has been localized in the adhesion ring of podosomes in
macrophages and dendritic cells, and is considered to be the predominant representing member of
the integrin family in individual podosomes in dendritic cells (Burns et al., 2004; Calle et al., 2004a;
Gawden-Bone et al., 2014).
The most cited plaque proteins to characterize the adhesion ring are vinculin, talin and paxillin,
and they are typically observed as a continuous annular area surrounding the F-actin core showing
but little colocalization between the two (Linder et al., 2003). Talin binds directly to integrins,
and connects them to the actin cytoskeleton via its own association with vinculin. What is more,
paxillin is a protein known to be involved in mechanotransduction signaling pathways. However,
in contrast to what is usually observed with traditional ﬂuorescence microscopy techniques, superresolution microscopy has been brought to light that the supposed “ring” domain is actually made
of an accumulation of nanoscale restricted foci where adhesion proteins preferentially localize (Van
den Dries et al., 2013b; Walde et al., 2014).
And indeed, super-resolution microscopy has largely beneﬁted to the nowadays knowledge of the
nanoscale organization of the ring domain. The study of Cox and coworkers on the dynamic of
vinculin and talin, making use of the Bayesian analysis of blinking and bleaching method beneﬁting
from a 50 nm resolution, not only proposed an uncharted view of the podosome organization, but
also set the stage for the subsequent explorations (Cox et al., 2012). Shortly after, it was hence
followed by the realization of the discontinuous organization of the ring domain, composed of islets
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where talin and integrin αMβ2 interact, thanks to the application of the direct stochastic optical
reconstruction microscopy (dSTORM) technique (Van den Dries et al., 2013b; Van den Dries et al.,
2013a).
Due to the conical shape of actin distribution when podosomes are observed with electronic microscopy techniques, it is thought that the radially emanating ﬁlaments could act as a link between
the core and the ring domains (Proag et al., 2016). In addition, another set of actin ﬁlaments has
been identiﬁed as running parallel to the ventral membrane and appeared to connect individual
podosomes to some of its direct neighbors (Bhuwania et al., 2012; Labernadie et al., 2014). These
observations have recently been shown to coincide with super-resolved ﬂuorescence microscopy acquisitions. Indeed, dSTORM images have allowed the visualization of the single actin ﬁlaments
emanating from the core and connecting two adhesion structures. What is more, vinculin has been
preferentially located to single ﬁlaments of actin, close to the core and slightly tilted in a lateral
direction (Van den Dries et al., 2013b). In contrast, myosin II has very recently been localized to the
connecting ﬁlaments, while it appeared absent from the lateral set of F-actin, which further corroborates the hypothesis of diﬀerent types of actin subsets forming the individual podosome structure
(Van den Dries et al., 2019).

Figure 1.13.: Schematic showing a model for the organization of proteins in a single podosome.
Podosome cores may contain both branched and bundled actin ﬁlaments. Actin associated proteins
such as Arp2/3 complex and formins are found in the cores. Integrins span the plasma membrane
in the podosome ring and are associated with focal adhesion proteins and scaﬀold proteins (e.g.
vinculin, paxillin, and talin). Kinases such as src, PKC, and Pyk2 target focal adhesion proteins
and some plasma membrane proteins to promote podosome formation and dynamics. Adapted from
Schachtner et al., 2013.
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Podosome cap domain - The third domain has only been proposed as an addition to the
traditional “core-ring” model in the last few years. Indeed, its localization has been identiﬁed through
the localization of new molecular components within the podosome structure. As its designation
implies, the cap domain forms a cover over the core and extends to partly hover on the ring domain.
This domain may serve as a regulator of podosome growth or podosome-associated contractility.
Indeed, there is a prevalence of the acto-myosin regulators among the cap-localized proteins, as
attested to by the presence of supervillin, lymphocyte-speciﬁc protein LSP1, and formins FMNL1
and INF2 (Mersich et al., 2010; Bhuwania et al., 2012; Panzer et al., 2016; Cervero et al., 2018).
However, it appears that close scrutiny of the distribution of otherwise known components of the
usual podosome domains with more resolved methods could lead to their relocalization to the cap
domain, as has been already the case for zyxin (Joosten et al., 2018). Indeed, some proteins had
previously been described to span areas that now could be viewed as cap-compatible domains, such
as caldesmon, gelsolin or fascin (Gu et al., 2007; Gawden-Bone et al., 2010; Van Audenhove et
al., 2015). Due to the speciﬁc three-dimensional (3D) region occupied by the cap, it will thus be
paramount in the following studies to make use of optical stacking in the vertical direction to assess
whether a protein belongs to one of the described domains.

Regulation of podosome composition
Podosome core formation has been shown to involve the Cdc42-WASp-Arp2/3 signaling pathway, as
well as depend on the activity of Src kinases (Linder et al., 1999; Linder et al., 2003) (Fig. 1.14).

Src kinases - Src kinase family is a family of non-receptor tyrosine kinases, which interact with
many cellular membrane proteins, modifying these proteins by phosphorylation of tyrosine residues.
Various kinases of the Src family have been identiﬁed as crucial moderators of the assembly and
disassembly processes of podosomes. Indeed, Src kinase activity promotes actin nucleation in the
podosome core, through its interaction with the Arp2/3 complex (Linder et al., 2000a; Destaing
et al., 2008).
Hck is a Src family kinase speciﬁcally expressed in phagocytes, which has been shown to be involved
in the phosphorylation of Wiskott-Aldrich syndrome protein WASp, an activator of the Arp2/3
complex. Although it had been initially studied for its implication in phagocytosis and lysosomal
traﬃcking, it has also been identiﬁed in the context of the assembly of podosomes into rosettes (Guiet
et al., 2008; Cougoule et al., 2010; Van Goethem et al., 2011). Moreover, its expression is required
for protease-dependent migration in 3D matrices in vitro, as well as for macrophage recruitment to
inﬂammatory sites in vivo.

Rho GTPases - The members of the Rho GTPase family, and especially Rho, Cdc42 and Rac,
have been shown to regulate many aspects of intracellular actin dynamics via the phosphorylation of
multiple proteins. Together with Cdc42, WASp notably controls stimulus-induced actin cytoskeleton
rearrangements that are involved in cell motility. Indeed, WASp has been identiﬁed as a key pro-
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Figure 1.14.: Summary of the signaling hierarchy involved in the regulation of podosomess. External signals that can induce podosmes include SDF-1α, TGF-β, TNF-α, and ECM. At the plasma
membrane, signals to podosome formation include diacylglycerol, which results from hydrolysis of
phosphatidylinositol-4,5-bisphosphate by phospholipase C (PLC), tyrosine kinase receptors and integrins. Signal transducers inside of the cell, such as GTP exchange factors, PKC, and src-family tyrosine kinases can trigger activation of secondary eﬀectors, such as Rho-family small GTPases as well
as activation of adapter signaling proteins to coordinate cytoskeletal reorganization. Downstream of
these molecular cascades are focal adhesion proteins, actin cytoskeletal proteins and myosin driven
contractility, which all contribute to podosome formation and dynamics. Adapted from Schachtner
et al., 2013.
tein in podosome formation and cell polarization processes. When it is absent from dendritic cells or
macrophages, they shown the inability to assemble podosomes, as well as to polarize and migrate eﬃciently (Linder et al., 2000a; Jones et al., 2002; Calle et al., 2004a; Bouma et al., 2009). Furthermore,
WASp phosphorylation regulates actin ﬁlament stability in macrophages, and is required in the processes of podosome formation on vitronectin coating and its degradation. This observation points
to the possible role of WASp in an integrin-mediated signaling pathway, especially since integrin
clustering has been demonstrated to induce WASp phosphorylation. WASp interaction with Arp2/3
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could also be involved in chemotactic processes, as its cyclic phosphorylation-dephosphorylation
yields alterations in F-actin stability and the dynamic activation of Arp2/3 promoting actin ﬁlament
nucleation (Dovas et al., 2009).

1.2.2. Podosomes as dynamic, matrix-probing structures
Podosomes have been shown in numerous studies to be highly dynamic structures, with an average
lifespan ranging from a few minutes to a dozen minutes. Furthermore, these actin-related oscillations
have been demonstrated to be closely related to their activity as mechanosensitive subunits.

Podosome actin-related dynamics
The highly dynamic features of podosomes can be observed on diﬀerent scales: considering the
whole population, down to focusing on one podosome inner dynamics. The average lifespan of one
individual podosome ranges from 2 to 20 minutes (Linder, 2007; Proag et al., 2015).

Podosome assembly - The podosome formation process can be described in four main situations (Albiges-Rizo et al., 2009) (Fig. 1.15).
• The initial step consists in the binding of integrins to their extracellular matrix ligand and
their grouping together. The process of integrin clustering has been described to require
some crucial factors, such as: integrins switching to their activated conformation, integrins
interacting with their immobilized ligand, integrins interacting with talin, and the presence of
polyphosphoinositides, especially of phosphatidylinositol-4,5-triphosphate (PI(4,5)P2) (Cluzel
et al., 2005).
• Then, Src is recruited to the adhesion sites, and its activity yields the phosphorylation of
various integrin-interacting proteins and regulating proteins, such as WASp, focal adhesion
tyrosine kinase FAK and Rho-GTPase regulators, which in turn actin nucleators. Hence,
Arp2/3 recruitment along with WASp and cortactin activation are enhanced by the continuous
process of actin nucleation.
• Filaments grow and are further crosslinked via the Src-WASp-Arp2/3-cortactin signaling pathway. Formins also accelerates actin nucleation and elongation by interacting with barbed ends
(fast-growing ends) of actin ﬁlaments (Mersich et al., 2010; Panzer et al., 2016).
• The interconnecting network of radial ﬁlaments establishes between the podosome cores, and
spans the inner surface of the ventral membrane.

Podosome dynamics - Podosomes have been shown to have the capacity to interact with each
other, notably through their fusion. Indeed, as one individual is not spatially restricted to one
location during its lifetime and moves in a random walk manner, two podosomes sometimes get
nearer until they happen to fuse together to yield one new actin core (Proag et al., 2016). What
is more, the inverse phenomenon has also been observed: one core giving birth to two daughter
podosomes through ﬁssion (Proag et al., 2016). Fission events have been observed either at the
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Figure 1.15.: Schematic view of signaling pathways that lead to actin organization at podosomes.
(A) Integrins or other receptors bind to components of the ECM (grey), leading to clustering of
receptors into PI(4,5)P2-enriched areas of plasma membrane. (B) Recruitment of Src to adhesion
sites leads to phosphorylation of several proteins involved in the podosome architecture and regulators of small GTPases. Actin nucleation depends on the activation of the Arp2/3 complex at the
membrane through the synergistic action of cortactin and WASp-family proteins. (C) Elongation of
actin ﬁlaments into columnar structures from the branched actin network thanks to the action of
DRF/mDia1. (D) Podosomes are mechanically connected through a network of radial actin ﬁlaments
that lie parallel to the substratum. Adapted from Albiges-Rizo et al., 2009.
migration front of moving cells, or simply at the periphery of cells in a resting phase (Evans et al.,
2003; Kopp et al., 2006). This mechanism allows for the swift de novo formation of multiple new
adhesion sites. While some of the newly formed podosomes tend to disassemble in less than a minute,
especially when they are located near the cell periphery, more mature podosomes are mostly found
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in the central area of ventral membranes, displaying more stable properties and a lifespan reaching
up to 20 minutes.
Individual podosomes observed with time-lapse microscopy techniques reveal an oscillatory behavior of their actin-associated signal, with a typical period of approximately 30 s (Van den Dries
et al., 2013a; Labernadie et al., 2014; Proag et al., 2015; Proag et al., 2016). These variations of
actin intensity point to a highly dynamic actin polymerization process inside the podosomes core,
and have been put in relation with the earlier proposed actin treadmilling at the core (Gawden-Bone
et al., 2010; Luxenburg et al., 2012). Interestingly, such an oscillatory behavior has also been observed in the temporal analyses of proteins located in the ring domain, such as zyxin and paxillin
(Van den Dries et al., 2013a; Proag et al., 2016).
Moreover, when considering a pair of podosomes, it has been shown that their ﬂuctuations tended
to be more synchronous with a decreasing distance between the two cores. This synchrony coeﬃcient
peaked for a distance value under approximately 2 µm, which corresponds to the average distance
range between two neighboring cores (Proag et al., 2015) (Fig. 1.16). This interesting result points
out to the possible role of mechanical springs for radiating actin ﬁlaments connecting two cores, as
has been observed with electronic microscopy.

Figure 1.16.: Force and actin synchrony between close neighbors. (a,b) Time-lapse protrusion force
microscopy experiments revealed oscillatory podosome-induced deformations. The synchrony coeﬃcient is highest for red versus green and no signiﬁcant synchrony was reported for red/blue and for
green/blue. (e,f) Time-lapse TIRF imaging of podosome F-actin cores within a live mCherry-Lifeactexpressing macrophage. The synchrony coeﬃcient is highest for red versus green and no signiﬁcant
synchrony was reported for red/blue and for green/blue. Adapted from Proag et al., 2015.
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Myosin II - Non-muscle myosin II is an actin crosslinker that controls contractility of actin ﬁlaments. In the speciﬁc context of podosomes, myosin II has been localized surrounding the core
domain (Van Helden et al., 2008; Gawden-Bone et al., 2010; Linder et al., 2011; Bhuwania et al.,
2012). It has also been recently detected in close association with the lateral ﬁlaments surrounding
the core, and along the interconnecting ﬁlaments thanks to super-resolved techniques (Labernadie
et al., 2014; Meddens et al., 2016; Van den Dries et al., 2019). Myosin IIA appears as the prevailing
motor protein within podosomes, and its activity is regulated via the RhoA-ROCK-myosin II signaling pathway (Linder et al., 2005; Gimona et al., 2008; Dovas et al., 2011). However, while many
studies have been carried out to decipher its role in podosome dynamics, they seem to have yielded
contradictory results depending on the cell model used for the investigation. Indeed, in smooth
muscle cells and neuroblastoma cells podosome formation appeared to be concomitant with myosin
activity inhibition (Burgstaller et al., 2004; Clark et al., 2006). In contrast, both in macrophages and
ﬁbroblasts, myosin activation seemed required to induce both formation and stability of podosomes
(Kopp et al., 2006; Collin et al., 2006). To explain this discrepancy, the following hypothesis has been
proposed: a basal level of activated myosin II would be necessary to initiate podosome formation,
and abrupt stimuli-dependent variations in this expression could increase the activated myosin level
and yield the disassembly of podosomes. And indeed, treating dendritic cells with a low dose of
blebbistatin, which inhibits ATPase activity of myosins, reduces podosome loss while leaving their
actin-related dynamics untouched (Van Helden et al., 2008). But with a higher dose of blebbistatin,
podosome disassembly is promoted and their formation is prevented.

Microtubules - Microtubules have been identiﬁed as playing a crucial role in the podosome
dynamics. Indeed, each podosome is associated with at least one microtubule reaching out to the
cell periphery, and a few podosomes have also been visualized along one same microtubule (Evans
et al., 2003; Kopp et al., 2006). This proximity has been associated with a stabilizing action of
microtubules over podosomes, and interfering with microtubule dynamics, with paclitaxel or taxol,
results in increasing podosome lifespan without preventing their actin renewal process. Additionally,
microtubule vicinity with podosomes has been shown to mediate both fusion and ﬁssion processes of
the latter, and de novo formation seems to follow a contacting event by microtubule plus-end (Evans
et al., 2003; Zhu et al., 2016). To be noted, the K40 acetylation process of α-tubulin is dependent on
the enzyme MEC-17, and overexpressing the latter has been found to result in decreasing the number
of podosomes while not interfering with their dynamics (Bhuwania et al., 2014). It would also seem
that actin ﬂow could in turn aﬀect microtubule reorganization, as CLASP-associated microtubules
tend to bend backwards at the cell periphery due to retrograde actin ﬂow (Zhu et al., 2016).
Besides, microtubule plus-ends have also been identiﬁed as interacting with the molecular motor
myosin IIA, which would promote podosome dynamics through the mediation of kinesin KIF1C and
would allow for eﬃciently targeting podosomes, acting as a physical link betwen tubulin and actin
(Kopp et al., 2006). Thanks to immunoﬂuorescence, KIF1C has been majorly localized at the cell
periphery, where podosomes are the most dynamic and co-exist within short range of microtubule
plus-ends, but increasing microtubule acetylation seems to cause a relocalization of the kinesin
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towards the cell interior (Bhuwania et al., 2014). Other kinesins such as KIF5B, KIF3A/KIF3B
(Wiesner et al., 2010) and KIF9 (Cornﬁne et al., 2011) have also been researched in the context of
matrix degradation by podosomes. KIF5B and KIF3A/KIF3B have been hypothesized to be involved
in the delivery of MT1-MMP-containing vesicles to podosome sites, where MT1-MMP is needed
for the shedding of matrix receptors such as CD44 or syndecan-1 and eventually to promote the
degradation of a wide set of substrates (Wiesner et al., 2010). KIF9 C-terminus has been identiﬁed
as interacting with Golgi proteins reggie-1/ﬂotillin-2, a signaling mediator between intracellular
vesicles and the cell periphery, and this coupling seems to be involved in the regulation of podosome
de novo formation, and required for the matrix-degrading ability of these structures (Cornﬁne et al.,
2011).
Recently, another protagonist may have been identiﬁed to act as a link between microtubule tips
and integrin-based adhesions via binding with talin: KANK proteins. Indeed, KANK1 has been
localized at the adhesion ring of podosomes in THP1 macrophages, and knocking down this protein
resulted in the same eﬀect on podosomes as disrupting microtubules with nocodazole, namely the
total disappearance of podosomes (Raﬁq et al., 2019). Moreover, KANK knockdown or treatment
with nocodazole appeared to induce an increase of RhoA-GTP levels, apparently due to the release
of GEF-H1 associated with microtubules. It would thus seem that maintenance of podosomes is
controlled by linking of microtubules to these adhesions via KANK1, and such linking regulates the
Rho/ROCK signalling axis and hence the myosin IIA ﬁlament assembly in a GEF-H1-dependent
manner (Fig. 1.17).

Figure 1.17.: Microtubules are coupled to integrin-containing adhesions via links formed by KANK
family proteins between talin and the cortical microtubule docking complex. KANK binds talin via
the KN domain and liprin via the coiled-coil domain. The microtubule docking complex captures
the microtubule plus-end through interaction with CLASP proteins. GEF-H1 is associated with
microtubules. Adapted from Raﬁq et al., 2019.
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Podosomes are mechanosensitive cell subunits
In addition to sensing matrix composition by engagement of speciﬁc transmembrane matrix ligands,
podosomes also gather information about the physical properties of the substrate, such as rigidity
and geometry. It has also been well documented that the acto-myosin complex is a key eﬀector
in generating dynamic tensions across the cell cytoskeleton, allowing for a coherence between cytoskeleton rearrangements and cell movements, as well as transmitting forces from the cell to its
surrounding matrix (Cai et al., 2009). While signaling pathways involved in myosin activation, and
myosin interacting partners in the cytoskeleton are becoming clearer, the mechanisms for perception
and transmission of forces are subjects to numerous investigations and in silico modellings.

Podosomes probe the matrix properties - Acto-myosin contractility properties seems to
be central in perceiving substrate mechanical signals by cells. A study has shown that podosome
rosette formation is largely promoted when the substrate is stiﬀer, and the superstructure dynamics
and stability depends on acto-myosin contractility (Collin et al., 2006). In the same study, it was
also determined that the shape factor of the rosettes did not vary with the substrate mechanical
properties. However, at the single podosome scale, their lifespan and inter-podosome distance are
altered in relation with the matrix stiﬀness, namely the lifespan increases and the distance decreases
with stiﬀer materials.
Podosome as individual adhesion structures have also shown signs of mechanosensitivity. Indeed, when macrophages are plated on various substrates with Young’s modulus values ranging
from 1 to 100 kPa, it has been observed that both the podosome density decreased and their vinculin arrangement was altered (Labernadie et al., 2014). Furthermore, they have been identiﬁed as
mechanotransduction devices, notably thanks to the elucidation of internal cycles of varying stiﬀness controlled by actin polymerization and myosin II contractility (Collin et al., 2008; Labernadie
et al., 2010). The subsequent ﬁndings that growth of the actin core drives the recruitment of tension
sensitive ring components zyxin and vinculin have further attested to this function (Van den Dries
et al., 2013a).
It is to be noted that podosome formation could also be induced in response to environmental
stress in vitro, by mimicking ischemic conditions. In such a context when the tissue oxygen supply
is low, cardiomyocytes have been discovered to rearrange their cytoskeleton in such a way that they
displayed podosomes. This modiﬁcation is associated with an acute collagen production and could
consist in a cell-induced defense mechanism to locally reduce the contractile loads exerted on them
by the surrounding pathological matrix (Zhao et al., 1987; VanWinkle et al., 1995).
Podosomes are also able to probe the matrix geometry. They have been exhibited as topography
sensors by plating cells on 3D micropatterned substrates and observing the preferential localization
of podosomes to the edges of the motifs (Van den Dries et al., 2012). Interestingly, podosomes formed
in the vicinity of the topographical changes appeared as more stable, while the overall distribution of
podosomes in the cell does not seem to vary in number, due to the presence of the motifs. This points
to an upstream action of topography over the process of podosome formation. The link between
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substrate topography and podosome formation has no yet been completely deciphered, though.
Thus, collectively as well as individually, podosomes have been revealed as adhesion structures
sensitive to matrix stiﬀness and geometry (Fig. 1.18).

Figure 1.18.: Established functions of podosomes in ECM sensing. Cell-substrate adhesion: Adhesion to substratum is established by podosomelocalized transmembrane proteins such as integrins
(light green) and CD44 (dark green). Rigidity sensing: Podosomes exert forces on the plasma
membrane by growth of the actin-rich core structure (white arrows), counterbalanced by lateral cables tension (black arrow). Topography sensing: Podosomes are formed especially at topographical
discontinuities in the substrate. Adapted from Linder et al., 2015.

Podosomes apply forces to the matrix - While varying the mechanical properties of
the substrate, podosome rosettes have been highlighted as force-exerting structures. Indeed, on
matrices characterized by Young’s modulus values ranging from 2 to 6.5 kPa, the traction forces
induced by the rosettes proportionally ranged from 200 to 600 Pa (Collin et al., 2008). Upon
observation of single podosomes with internal reﬂection microscopy methods, it has been revealed
that they consist in punctate sites of close proximity between the substrate and the above-lying cell
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membrane (Evans et al., 2003; Linder et al., 2005; Van den Dries et al., 2013a). Moreover, membrane
protrusions associated with F-actin rich structures and reaching inside gelatin-ﬁlled pores have been
characterized in dendritic cells plated on polycarbonate ﬁlters (Gawden-Bone et al., 2010). These
structures appeared less similar to podosomes and more resembling invadopodia, usually found in
cancer cells associated with a highly invasive behavior (Bowden et al., 1999; Enderling et al., 2008;
Lizárraga et al., 2009).
With the development of a smart way of assessing the podosome-induced deformations on their
substrate thanks to atomic force microscopy (AFM) probing, single podosomes have eﬀectively been
identiﬁed as able to exert vertical forces (Labernadie et al., 2014). Indeed, protrusion force microscopy (PFM) allowed for the quantiﬁcation of the bulge heights that have been detected with
AFM below podosomes, and for the computation of the vertical forces required to yield such deformations: estimated values spanning a few tens of nanoNewtons (Labernadie et al., 2014; Proag et al.,
2015). These analyses have resulted in a draft of the internal mechanical processes: the podosome
core is a site where actin polymerization process generates a protruding force, while the adhesion
ring is thought to consist in an upward pulling area, so as to conﬁne the bulging of the thin Formvar
ﬁlm to the projected area of the core. Subsequent super-resolved and three-dimensional imaging
of podosomes revealed the stretched conformation of talin within the adhesion rings of macrophage
podosomes, and speciﬁcally its elongation appeared increased for the molecules positioned nearest to
the core (Bouissou et al., 2017) (Fig 1.19). This observation, paired with the fact that talin expression
knock-down drastically reduced the protrusion forces, further validated the presence of a necessary
balance between protrusion at the core and traction at the ring, which was ﬁrst hypothesized by
Gawden-Bone and colleagues (Gawden-Bone et al., 2010).

Figure 1.19.: Model of ring protein organization and podosome force generation. At the core of
the podosome, F-actin polymerizes against the substrate; it is surrounded by a spatially structured
ring-shaped integrin-based adhesion complex. Talin assumes an open conformation under traction
probably mediated by lateral actin ﬁlaments, all the more stretched as it nears the core. Adapted
from Bouissou et al., 2017.
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Podosomes can form superstructures - Podosomes have also been shown to assemble into
various superstructures, depending on the cell type and the activation state of the cell, that are
described as follows (Fig. 1.20):
• Podosome rosettes consist in densely packed individual podosomes, forming an annular shape.
They are either a transient organization which can be observed in macrophages, displaying
a high versatility in size and shape (Poincloux et al., 2006); or can be stably assembled in
some endothelial cells with a typical diameter ranging from 5 to 20 µm (Osiak et al., 2005).
In macrophages, they have further been associated with an activated state of the cells, in the
presence of a cytokine such as M-CSF or when plated on a speciﬁc matrix protein coating such
as ﬁbronectin or gelatin (Yamaguchi et al., 2006; Cougoule et al., 2010). Podosome rosettes
can also be observed in osteoclast, as a temporary structure leading to a ﬁnal stable podosome
assembly (Saltel et al., 2008).
• Podosome clusters are deﬁned as groupings of variable number of individual podosomes in a
restricted area of the cell ventral membrane. They have been observed in multiple podosomeforming cell types such as macrophages or osteoclasts (Poincloux et al., 2006).
• Podosome belts and sealing zones consist in superstructures that have been shown to be
speciﬁc to osteoclasts. Podosome belts have been characterized to be observed on glass or
non-physiological substrates, while the sealing zone only assembles on bone-related materials.

Figure 1.20.: Podosomes in monocytic cells display various global organizations. Middle panel:
blood-derived monocytes exhibit a homogeneous distribution of individual podosomes; upper panel:
monocyte derived macrophages and immature dendritic cells displaying spatially arranged individual
podosomes; lower panel: osteoclasts showing various podosomes arrangements, including clusters,
rings and belts. Adapted from Linder et al., 2015.
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1.3. The sealing zone - towards a molecular representation
Osteoclasts are giant multinucleated cells from the monocytic lineage that spontaneously develop
speciﬁc cell-adhesion devices called podosomes. An individual podosome is a complex network of
ﬁlamentous actin unit structure that collectively self-organizes in osteoclasts into a superstructure
called the sealing zone. Major matrix degradation on bone-mimicking substrates seems to proceed
under the bone resorption area, namely the ruﬄed-border, which is an enclosed extra-cellular compartment tightly sealed oﬀ by this sealing zone. The capacity of the osteoclast to resorb bone is
distinctive. Deciphering the key components of this structure has been investigated for the past
decades, but insights into their generation mechanisms emanated from more recent studies. These
new ﬁndings include the role of integrins - particularly αvβ3 - in cytoskeletal organization and the
signaling pathways they activate, as well as better comprehension of the multiscale dynamic events
occurring in the process of osteoclastic activity.

1.3.1. Architecture of the osteoclast actin cytoskeleton
The sealing zone marks the periphery of the ruﬄed border, and is characterized by its dense F-actin
structure. F-actin is present not only in the actin ring but also at the ruﬄed border, which has been
recently parted into distinctive functional domains . Indeed, scanning electron microscopy (SEM)
combined with confocal imaging revealed that the distributions of v-ATPases, which pump protons
across the plasma membrane, and F-actin were very similar, with frequent co-localization in the area
circumscribed by the peripheral ring, in addition to the presence of v-ATPase in the ruﬄed border.
The distribution of cathepsin K, an acid cysteine proteinase, was essentially the inverse of that of
actin and v-ATPase, as it was seen in areas within the actin ring where actin and v-ATPase were
absent, associated in the SEM images with smooth, oriﬁce-bearing membrane. And ﬁnally, ClC-7, a
channel through which chloride ions are released, was immunolocalized as a sharp band immediately
juxtaposed to the inner side of F-actin rings and immediately outside the v-ATPase (Szewczyk et al.,
2013). Its distribution as a distinct band is thought to prevent the lateral diﬀusion of protons, which
would cause mineral dissolution and subsequently result in release of αvβ3 ligands and termination
of resorption.
Considering the sealing zone, its exact structure and dynamics have been elusive, owing to the lack
of techniques simultaneously enabling high-resolution imaging and physiologically relevant conditions
for observation. Although, in the last decade, intensive in vitro studies have provided crucial insights
into the structure of its actin arrangement, and the multiple molecular components involved in the
complex 3D scaﬀold.

Spatial arrangement of actin filaments in the sealing zone
The sealing zone was originally identiﬁed as the structure formed by chondroclasts adhering on
mineralized cartilage and the activity of which is the resorption of its mineralized components, before
being observed in avian osteoclasts via epiﬂuorescence and transmission electron microscopy (TEM)
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(Schenk et al., 1967; Marchisio et al., 1984; Zambonin-Zallone et al., 1988). Upon TEM observation,
the sealing zone was ﬁrst denominated as a “clear zone”, due to its electron-dense material and
apparent lack of cytoplasmic organelles (Zambonin-Zallone et al., 1988; Kanehisa et al., 1991; Teti
et al., 1991). Shortly after this ﬁnding, podosomes were identiﬁed in the F-actin band surrounding
the ruﬄed border and were proposed to coincide with clear zone structure conﬁning the resorption
lacuna (Kanehisa et al., 1990; Teti et al., 1991). From this moment on, subsequent studies have
striven to decipher the speciﬁc spatial arrangement of actin ﬁlaments in the sealing zone.

Podosomes in the sealing zone ? - Kanehisa and coworkers were the ﬁrst to propose podosomes as playing an essential part in the resorption apparatus of osteoclasts . Indeed, they not
only observed F-actin bands in bone-resorbing rabbit osteoclasts on the endocranial surface of growing calvariae in vivo, they also identiﬁed podosomes as subdomains of this actin-rich ring thanks
to phase-contrast microscopy (Kanehisa et al., 1990). However, contemporary studies argued diﬀerently. Indeed, the combined facts that the vitronectin receptor was not detected at the sealing zone,
and that the association of actin and vinculin seen in podosomes was clearly diﬀerent in the sealing
zone area led to another hypothesis (Lakkakorpi et al., 1991b; Lakkakorpi et al., 1991a; Lakkakorpi
et al., 1993). As vinculin was apparently lacking from the most central area of the sealing zone, it
indicated that some organization other than a high density of podosomes mediated the attachment
of resorbing osteoclasts to bone surface, and it was proposed that sealing zone was rather a high
condensation site for F-actin resulting from the fusion of numerous podosomes (Lakkakorpi et al.,
1996) (Fig. 1.21).

Figure 1.21.: Schematics of the diﬀerent actin structures observed along osteoclast diﬀerentiation
and activation. (C) At the beginning of the diﬀerentiation, podosomes are organized in clusters (C,
D), which evolve into dynamics rings. These rings are stabilized at the cell periphery to form a
podosome belt through the action of acetylated microtubules (C, D). When osteoclasts are adherent
on surfaces containing apatite crystals, they form a sealing zone necessary for bone resorption (C,
D). Adapted from Jurdic et al., 2006.
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Both assumptions coexisted in diﬀerent subsequent studies, certainly due to the poor resolution
of confocal microscopy on non-optically transparent substrates mimicking bone matrix, and the
association of the adhesion structures observed on glass with the functional superstructure imaged
on bone (Horton et al., 1995; Lakkakorpi et al., 1999; Chellaiah et al., 2000a; Ochoa et al., 2000;
Akisaka et al., 2001; Krits et al., 2002; Jurdic et al., 2006). Indeed, the variability in staining pattern
between osteoclasts plated on glass coverslips and bone slices in vitro was proposed to reﬂect the
organization and reorganization of the osteoclast cytoskeleton accompanied by the cellular activity
during the bone resorption cycle, and eventually gave rise to two distinct denominations: the actin
belt on glass and the sealing zone on bone-related materials (Akisaka et al., 2001; Jurdic et al.,
2006). The pioneering study of Luxenburg and coworkers deﬁnitely unveiled the presence of single
actin cores both in actin belts on glass and in sealing zones on apatite, the main mineral component
of the bone matrix, similar in their actin arrangement to what they observed with single podosomes
in the same cells (Luxenburg et al., 2007). They characterized the sealing zone as a 3 to 6 µm wide
band displaying podosomal units, interspaced with an average distance of approximately 250 nm
(Fig. 1.22).

Figure 1.22.: Observation of osteoclast ventral membrane on bone with scanning electron microscopy. (C) Overview of the ventral membrane of a cell plated on bone. The central area (arrow
head) presumably corresponds to the ruﬄed border. The sealing zone (double arrow) is thicker than
on glass. (D, E) Higher magniﬁcation views (from yellow box in (E)) of the podosomes forming the
sealing zone. Adapted from Luxenburg et al., 2007.

A complex 3D actin network - Luxenburg and coworkers’ seminal study also provided the
ﬁrst insights into the 3D arrangement of actin ﬁlaments within the sealing structure (Fig. 1.22).
They developed a speciﬁc ventral membrane preparation, inspired by the classic unrooﬁng procedures, allowing for the direct visualization of cell inner components while preserving the integrity
of the ventral membrane and its associated cytoskeleton. The detected podosomal units appeared
connected by numerous inter-pillar ﬁlaments running parallel to the substrate, and radial ﬁlaments
were observed around each densely bundled pillar, namely the actin cores. Additionally, the use of
correlative imaging revealed that intense actin ﬂuorescence was associated with both the actin cores
and the radial actin cables, pointing to the presence of an “actin cloud” domain where the plaque
protein paxillin and actin ﬁbers both localize (Luxenburg et al., 2007).
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Subsequent studies further characterized the spatial arrangement of actin cores within the sealing
zone via SEM observation of unroofed cells, and proposed the identiﬁcation of diﬀerent structural
subdomains: the core vertical bundles, the radial ﬁlaments composing the cloud, and interconnecting
ﬁlaments above the ventral membrane. The actin cores within the sealing zone were approximately
100 to 300 nm in diameter, 800 nm high, and the average core-to-core distance spanned from 250
to 450 nm (Luxenburg et al., 2007; Geblinger et al., 2009; Anderegg et al., 2011; Akisaka et al.,
2016; Akisaka et al., 2019). In addition, it recently appeared that actin cores displayed two diﬀerent
phenotypes within sealing zones: a small symmetrical form characterized by its high circularity,
and another population displaying more irregular and unsymmetrical shapes (Akisaka et al., 2019).
Accordingly with the previous phase-contrast microscopy observations, the cores are in close contact
with the underlying matrix, displaying a gap of only a few tens of nanometers (Akisaka et al., 2008;
Akisaka et al., 2015).
High-resolution electron microscopy imaging has further allowed the characterization of the actin
ﬁlament distribution within the sealing zone structure thanks to the generation of 3D anaglyphs. It
revealed diﬀerences in ﬁlament lengths and organization between the diﬀerent subdomains: shorter
actin ﬁlaments were speciﬁc of the meshwork within the core, and relatively long actin ﬁlaments
indicated the surrounding cloud portion when terminating on the ventral membrane, or connected
neighboring actin cores when assembled into horizontal cables (Akisaka et al., 2008; Anderegg et al.,
2011; Akisaka et al., 2016). Furthermore, decorating actin ﬁlaments with myosin S-1 subunit helped
ﬁguring how ﬁlaments were oriented. The polarity of actin ﬁlaments was not uniform, however
diﬀerent predominant orientations were identiﬁed in the core and cloud subdomains (Fig. 1.23):
• in the core, the actin ﬁlaments oriented with their barbed ends toward the podosome core
with their pointed end facing outward in the core domain;
• in the cloud, the radial ﬁlaments and the interconnecting cables among the podosomes contained more ﬁlaments with the barbed ends away from the podosome core (Akisaka et al.,
2008; Akisaka et al., 2015).
Diﬀerences in the density of the ﬁlament network also seemed to be dependent on their axial
localization within the structure. Indeed, the top ﬁlament layer contained a coarser arrangement
of long ﬁlaments, while in the deeper layer a densely arranged ﬁlament network was seen on the
surface of the ventral membrane (Akisaka et al., 2015). Variations in the branching were hence also
observed, with core-related shorter ﬁlaments that appeared less branched than the radiating long
ﬁlaments. Indeed, radiating long actin ﬁlaments appeared to be branched in the network or crosslinked at various angles or anastomosing, and some of them also were identiﬁed to terminate directly
on the ventral membrane, through their interaction with membrane-associated particles (Akisaka
et al., 2016; Akisaka et al., 2019). What is more, analyzing the branching of ﬁlaments has most
recently brought to light the presence of the cap domain over actin cores within the sealing zone
(Akisaka et al., 2019).
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Figure 1.23.: Replica images of podosomes decorated with myosin S1 in osteoclasts. Replica images of
podosomes decorated with myosin S1. S1-decorated actin ﬁlament displays a helical rope-like appearance.
An arrowhead on the replica image indicates the direction of the pointed end of a ﬁlament. (a) actin
ﬁlament orientation in clustered podosomes. (b) A narrow zone of dense ﬁlament network associated with
actin sealing zone. A distinct arrowhead pattern on helical rope-like F-actin appearance can be seen in the
top ﬁlament layer. F-actin appears to be organized with a mixture of polarities at the cell edge. Several
rudimentary podosomes can be distinguishable (asterisks). (c) Several decorated F-actin splayed oﬀ from
the dense actin network. Individual ﬁlament shows a distinct arrowhead pattern on rope-like actin ﬁlament
appearance. Filaments are oriented primarily with pointed end toward the ventral membrane. Scale bars
(a-b) 1 µm, (c) 0.1 µm. Adapted from Akisaka et al., 2015.

Distribution of integrins and transmembrane proteins
Forming one class of the various cell adhesion receptors, integrins are heterodimeric adhesion receptors that mediate cell-matrix and cell-cell interactions (Hynes, 1992). Integrin-mediated adhesion
and subsequent signaling consists in a major regulating factor in the bone resorption of osteoclasts
(Duong et al., 2000). Three conformations, each associated with a speciﬁc activation state, have
been described for integrins: the bent-closed conformation with low aﬃnity for extracellular ligands,
the extended-closed conformation with an intermediate aﬃnity for ligands, and the extended-open
conformation with a high aﬃnity for ligands at the binding site (see Fig. 1.24). Moreover, when
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integrins are bound to a ligand, they have been observed to cluster together, subsequently leading to
the formation of adhesion sites through interaction with cytoskeletal complexes and actin ﬁlaments.
Each subunit of integrins, namely the α and β chains, come in a variety of molecular composition,
such that in human cells 18 diﬀerent α subunits and 8 β subunits have been identiﬁed in 24 heterodimers. Each αβ combination does not have a particular ligand, but rather they show versatile
aﬃnity for a few extracellular matrix proteins (see Fig. 1.25).

Figure 1.24.: Schematics displaying integrin structure and activation.

The subunits have large

ectodomains that are constructed from various modular units, including calf and thigh domains. Each
α- and β- subunit has a single trans-membrane helix and, usually, a short unstructured cytoplasmic tail.
Integrins exist in equilibrium between a bent, low-aﬃnity state and an upright, high-aﬃnity state. They
can be activated by the binding of extracellular ligands to integrin ectodomains (known as ‘outside-in’ activation) and by the binding of the talin head (an atypical FERM domain with F0, F1, F2 and F3 domains)
to β-integrin tails and acidic membrane phospholipids (known as ‘inside-out’ activation). On the left, the
bent and inactive conformation of an integrin is held in place by transmembrane interactions between the αand β- subunits. On the right, conformational activation results in an elongation of both α- and β- subunit,
reaching a total height of approximately 19 nm. Adapted from Calderwood et al., 2013.

Integrin αvβ3 - In osteoclasts, the vitronectin receptor αvβ3, is highly expressed compared to
other cell types (Horton, 1996; Horton, 1997). Rat osteoclasts adhere in an αvβ3-dependent manner
to extracellular matrix protein containing the tri-peptide sequence Arg-Gly-Asp (RGD), including
vitronectin, ﬁbronectin, osteopontin and bone sialoprotein (Helfrich et al., 1992; Flores et al., 1992;
Flores et al., 1996). Furthermore, its crucial role in the osteoclastic function was ﬁrst brought to
light when a monoclonal antibody was found to inhibit bone resorption in vitro, and the antigen
was subsequently determined to be the αvβ3 integrin (Chambers et al., 1986; Davies et al., 1989;
Clover et al., 1992). Indeed, subsequent studies showed the ability for RGD-containing peptides,
disintegrins or blocking antibodies against αvβ3 to inhibit the resorption eﬃciency of osteoclasts in
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Figure 1.25.: Schematic view showing the major integrin-ligand combinations, using hypothetical cell surfaces. Despite their wide variety, it is possible to cluster integrin-ligand combinations into four main classes,
reﬂecting the structural basis of the molecular interaction. All ﬁve αV integrins, two β1 integrins (α5, α8)
and αIIbβ3 share the ability to recognise ligands containing an RGD tripeptide active site. α4β1, α4β7,
α9β1, the four members of the β2 subfamily and αEβ7 recognise related sequences in their ligands. α4β1,
α4β7 and α9β1 bind to an acidic motif, termed ‘LDV’, that is functionally related to RGD. Four α subunits
containing an αA-domain (α1, α2, α10 and α11) combine with β1 and form a distinct laminin/collagenbinding subfamily. Three β1 integrins (α3, α6 and α7), plus α6β4, are highly selective laminin receptors.
Adapted from Humphries et al., 2006.

vitro (Sato et al., 1990; Horton et al., 1991; King et al., 1994; Van der Pluijm et al., 1994). In vivo
studies in thyroparathyroidectomized or ovariectomized rodents conﬁrmed the blocking ability of
integrin ligands regarding the bone resorption activity (Crippes et al., 1996; Engleman et al., 1997;
Yamamoto et al., 1998).
Considering the localization of integrin αvβ3, observations have led to seemingly antagonist distributions. Indeed, some studies have located the vitronectin receptor in the area of the sealing zone
of resorbing osteoclasts, and in individual podosomes of cells plated on glass, showing colocalization
of αvβ3 with vinculin, paxillin and talin (Teti et al., 1989; Zallone et al., 1989; Reinholt et al.,
1990; Hultenby et al., 1993; Nakamura et al., 1996; Neﬀ et al., 1996; Pfaﬀ et al., 2001). In contrast,
other studies also observed an enrichment of αvβ3 in the basolateral membranes, intracellular vesicles and the ruﬄed border of osteoclasts, thanks to confocal and electron microscopy examination
(Lakkakorpi et al., 1991b; Lakkakorpi et al., 1993; Masarachia et al., 1995; Nakamura et al., 1999;
Lakkakorpi et al., 2001). More recently, a study focused on localizing αvβ3 in human osteoclasts
depending on its conformation state (Faccio et al., 2002). Their results reconciled the apparently
contradictory former observations, as they localized the ‘activated’ form to be present mainly at the
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edge of the ruﬄed border, whereas the ‘basal’ conformation is also present in the sealing zone, where
it colocalizes with the actin ring (Fig. 1.26). It was then further acknowledged that integrin αvβ3
was present at the sealing zone, where it is excluded from the F-actin core domain (Chabadel et al.,
2007; Ma et al., 2010). It is hence thought that low-aﬃnity αvβ3 is preferentially localized to the
actin cloud, and redistributes to newly formed membrane protrusions upon activation.

Figure 1.26.: Localization of total (left panel) and "activated" (right panel) αvβ3 in resorbing osteoclasts.
Left panel: A resorbing OC is schematically represented in A, and microscopic images show the three diﬀerent
axial sections indicated in A. (B-C) At the level of the sealing zone, where αvβ3 (B) appears as a circular
line at the cell periphery that perfectly colocalizes with the actin ring (C); (D-E) in the ruﬄed border αvβ3
and actin show a punctuate distribution; (F-G) an optical yz-plane conﬁrms the distribution of the integrin
and of actin in the sealing zone and in the ruﬄed border. Right panel: At the level of the sealing zone, the
"activated" αvβ3 (A) only partially colocalizes with the actin ring (B) and displays a discrete pattern. In
the ruﬄed border area the "activated" αvβ3 (C) is very abundant, with a punctuate distribution similar to
that of the actin microﬁlaments of D. In the optical yz-plane, note the presence of actin in the sealing zone
(F) as a line at the edge of the cell that only partially colocalizes with the "activated" integrin, whereas they
are both present in the ruﬄe border. Scale bars 5 µm. Adapted from Faccio et al., 2002.

Other integrins in osteoclasts - Expression of other integrins has also been described in
mammalian osteoclasts: the collagen/laminin receptor α2β1 and the vitronectin/ﬁbronectin receptor
αvβ1 (Horton et al., 1989; Clover et al., 1992; Nesbitt et al., 1993). It was reported that rat
osteoclasts adhere to native collagen type I using α2β1, in an RGD-dependent manner (Helfrich
et al., 1996). Interestingly, osteoclastic bone resorption is partially inhibited by the presence of
antibodies targeting α2 and β1 subunits. What is more, immature osteoclasts precursors were
shown to express β2 and β5 subunits (Takahashi et al., 1994; Teitelbaum et al., 1997; Duong et al.,
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1998). Whereas the absence of αv combined with either β1 or β2 abolished the formation of the
sealing zone, silencing single or both β subunits still resulted in the normal assembly of the actin
superstructure (Schmidt et al., 2011). Furthermore, silencing only αv subunit yielded a slightly
stronger decrease in resorption activity compared with single β3 subunit silencing, which points to
the importance of another αv subunit containing integrin besides αvβ3, plausibly αvβ1.
It has been proposed that recognition of bone sialoprotein involves αvβ1 in addition to αvβ3
(Horton et al., 1995). Aﬃnity precipitation experiments revealed signiﬁcant binding of PYK2 and
paxillin to the full-length β1 tail and diﬀering binding requirements for β1 and β3 tails (Pfaﬀ et al.,
2001). However a study reported that β1 subunit seemed absent from mouse osteoclast sealing zones
(Chabadel et al., 2007), it has been later localized with αv around actin cores (Schmidt et al., 2011).

Transmembrane protein CD44 - CD44 is a cell-surface, single-pass transmembrane proteoglycan expressed in most cell types, and a receptor for hyaluronic acid, osteopontin, collagen and
laminin (Goodison et al., 1999; Ponta et al., 2003). It has been described for its capacity to mediate osteoclast migration through its interaction with osteopontin, as blocking antibodies to CD44
blocked osteopontin stimulation of motility in avian osteoclasts (Chellaiah et al., 2003a). It is also
involved in the regulation of bone resorption through its expression level at the cell surface under
the regulation of osteopontin and Rho kinase phosphorylation (Chellaiah et al., 2003c; Chellaiah
et al., 2003b). In addition, silencing either CD44 or β3 in mice resulted in only a mild osteopetrotic
phenotype, which points to the importance of a possible cooperativity between both transmembrane
protein, especially as they share osteopontin as a ligand. CD44 surface expression was also described
to depend on actin polymerization process. Indeed, decrease in the surface expression of CD44 after
treatment with either cytochalasin D or alendronate resulted in the decrease in CD44-associated
MMP-9 activity in osteoclasts (Samanna et al., 2007).
Upon observation with confocal microscopy, it was asserted that CD44 is present at the osteoclast
membrane in the sealing zone, and is localized beneath the actin cores, and appeared as a key
organizing factor for F-actin in the sealing zone, due to its complete disappearance along with the
cores in WIP-deﬁcient mouse osteoclasts or in the presence of blocking antibodies targeting CD44
(Chabadel et al., 2007) (Fig. 1.27).

Between the anchor and the web - a multitude of proteins
In order to assemble in such a complex 3D network as it has been described, F-actin interacts with
a multitude of proteins within the sealing zone. Some are involved in binding actin ﬁlaments to
the cell membrane via interaction with integrins, some take part in the polymerization process,
and some establish the speciﬁc spatial arrangement of ﬁlaments among them. However, as more
than 300 proteins have been identiﬁed in the podosome-associated proteasome and the literature
focusing on deciphering sealing zone speciﬁc components cannot be considered as extensive, the
following paragraphs are by no means exhaustive. They rather aim at giving a basic overview of
the localization for a variety of proteins and of actin-related interactions that may occur within the
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Figure 1.27.: OC podosome belt is composed of two F-actin domains speciﬁcally associated with
CD44 and the β3 integrin subunit. (E and F) Diﬀerentiated wild-type osteoclasts were observed
after actin staining by phalloidin and immunolabeling for CD44 and the β3 integrin subunit. CD44
receptor (E) colocalized with actin dots, whereas the β3 integrin subunit (F) was speciﬁc to the
actin cloud. Adapted from Chabadel et al., 2007.
sealing zone (Fig. 1.28).

Figure 1.28.: Schematic view of the sealing zone components at the podosome scale, in a bone resorbing osteoclast. The podosomal core consists of F-actin colocalized with actin-associated proteins
like α-actinin, ﬁmbrin, cortactin, gelsolin and the actin regulatory proteins such as WASp-family proteins and Arp2/3. The core is surrounded by a ring structure of integrins and integrin-associated
proteins paxillin, talin and vinculin. The core and ring are probably linked by bridging molecules
such as α-actinin. Integrin-mediated complex is formed to contain c-src, Pyk-2 or Cbl. Podosomes
also contain matrix metalloproteases (MMP-9s), and might be thought to display an invagination
at the core where dynamin is localized. Adapted from Soysa et al., 2016.
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Anchoring and signal transducing proteins
Talin: Talin links the cytoplasmic domains of integrin β subunits to actin ﬁlaments. Its binding to β-integrin cytoplasmic domains triggers a conformational change in the integrin extracellular
domain that increases its aﬃnity for ECM proteins. Talin has ﬁrst been identiﬁed in osteoclast podosomes on glass, and at the sealing zone, thirty years ago (Zambonin-Zallone et al., 1989; Lakkakorpi
et al., 1990). It has profusely been cited as a crucial protein associated with the double circle domain
surrounding the actin ring, subsequently renamed the actin cloud (Lakkakorpi et al., 1993; Lakkakorpi et al., 1996; Pfaﬀ et al., 2001; Chabadel et al., 2007). Although it has not been cited as profusely
as its binding partners vinculin and β3-subunits, their colocalization further suggested that talin
and the latter connection provides a linkage between matrix proteins and cytoplasmic components
and, thereby, with the actin cytoskeleton.
Tensin: Tensin is a cytoplasmic phosphoprotein that binds to actin ﬁlaments and contains
a phosphotyrosine-binding domain, which interacts with the cytoplasmic tails of β integrin. Like
talin, it was located at the cloud domain in the sealing zone (Pfaﬀ et al., 2001). Furthermore, its 3D
localization with 3D-structured illumination microscopy (SIM) revealed a similar axial localization
as vinculin, and a preferential interaction with Dock5, an exchange factor for the small GTPase Rac
(Touaitahuata et al., 2016).
Paxillin: Paxillin is a signal transduction adaptor protein, also involved in actin-membrane
attachment at sites of cell adhesion to the extracellular matrix. Paxillin distribution was reported for
the ﬁrst time via its colocalization with PYK2 and p130Cas in the sealing zone of murine osteoclasts,
and then further assimilated with the vinculin double circle (Lakkakorpi et al., 1999; Lakkakorpi
et al., 2001; Luxenburg et al., 2006a; Gil-Henn et al., 2007). What is more, paxillin and PYK2 were
observed to accumulate close to the extracellular substrate-oriented plasma membrane, along with
phosphoprotein zyxin (Pfaﬀ et al., 2001). Due to this localization and its binding ability towards
both Src kinases and scaﬀolding proteins vinculin and talin, it has thus been asserted to take part
in the signaling mechanisms elicited by the interaction between integrin αvβ3 (Jurdic et al., 2006;
Chellaiah, 2006). Indeed, its localization was also investigated using correlative microscopy, revealing
paxillin association with podosome radial actin ﬁbers, reaching up to but not co-localizing with the
central bundle. And further electronic observation of paxillin labelled with colloidal gold particles
conﬁrmed its association with actin ﬁbers in close proximity with the ventral membrane (Luxenburg
et al., 2007).
Vinculin: Vinculin is an actin-binding protein involved in cell-matrix adhesion and cell-cell
adhesion, which is notably known for its direct interaction with talin. It is one of the ﬁrst protein
to be associated with the podosome structures in osteoclasts, although not directly with the sealing
zone as cells were observed on glass (Marchisio et al., 1984). However, it was already proposed that
the vinculin rings surrounding each core were apparently formed by discrete subunits. Shortly after,
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it was colocalized with β3-integrin and talin in avian osteoclasts, and around F-actin cores in human
osteoclasts (Zambonin-Zallone et al., 1989; Teti et al., 1989). It has been then observed multiple
times in osteoclasts plated on bone, or bone matrix-mimicking substrates, and is infallibly excluded
from the dense F-actin area and appears to delineate the resorption lacunae in the inner side of the
sealing zone (Lakkakorpi et al., 1990; Lakkakorpi et al., 1993; Babb et al., 1997; Duong et al., 1998;
Pfaﬀ et al., 2001). It resulted in the description of the sealing zone as a bipartite annular structure,
displaying a dense and broad ring of F-actin ﬂanked by a “double circle” of vinculin (Lakkakorpi
et al., 1993). Hence, it was subsequently identiﬁed as a key protein associated with the actin cloud
of the sealing zone (Jurdic et al., 2006; Saltel et al., 2008; Ory et al., 2008).
Moreover, the ﬁrst z-scanning confocal studies revealed its axial localization closer to the ventral
membrane than F-actin, and that it spanned a few microns in height (Lakkakorpi et al., 1993). A
recent study conﬁrmed its low axial colocalization thanks to 3D- SIM, in addition to narrowing its
range to only approximately 1 µm (Touaitahuata et al., 2016). These results are in agreement with
the general assumption that vinculin is preferentially located at the ends of the actin ﬁlaments (Van
den Dries et al., 2013b; Bouissou et al., 2017).

Actin polymerization regulating proteins
Gelsolin, adseverin and tropomyosin: Gelsolin is the most potent actin ﬁlament severing protein, targeting the barbed ends of actin ﬁlaments and preventing monomer exchange. It
has been proposed as the substrate responsible for podosome disassembly in response to calcium
and pH changes in osteoclasts (Teti et al., 1991). It was colocalized with F-actin in a more diﬀuse
pattern within the sealing zone, and in the cytoplasmic area where G-actin was also localized (Chellaiah et al., 2000b; Akisaka et al., 2001). This organization would seem to be suited for promoting
rapid regulation of actin assembly and disassembly, and this regulation of cytoskeletal reorganization
could result from gelsolin association with PI 3-kinase, with which it colocalizes (Chellaiah et al.,
2000a; Chellaiah, 2006). Moreover, osteopontin binding with integrin αvβ3 was shown to stimulate
tyrosine phosphorylation of phosphoinositide (PI)3-kinase associated with gelsolin, necessary for the
organization of functional sealing zone (Biswas et al., 2004).
In contrast, deletion of adseverin, a Ca2+ -dependent actin ﬁlament-severing protein, was shown to
have but little eﬀect on bone metabolism, while certainly preventing the normal organization of actin
ﬁlaments and the sealing zone (Cao et al., 2017). However its role in mediating osteoclastogenesis
has been researched,its possible localization within the sealing zone has not been investigated yet
(Jiang et al., 2015; Song et al., 2015).
Tropomyosins are a large family of proteins, which stabilize the actin cytoskeleton by binding along
ﬁlaments and preventing the action of severing proteins. Murine osteoclasts have been reported to
express various tropomyosin (Tm) isoforms: Tm-2, Tm-3, Tm-5a, and Tm-5b from the α gene;
5NM-1 from the γ gene, and Tm-4 from the δ gene (McMichael et al., 2006). Interestingly, these
diﬀerent isoforms do not localize at the same subcellular domains. Indeed, Tm-2, Tm-3 and 5NM-1
were rarely associated with the sealing zone, except within its top half section and with no apparent
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enrichment. In contrast, Tm-4 and Tm-5a/5b associated predominantly with osteoclast attachment
structures. Indeed, Tm-4 was preferentially found at the F-actin cores, whereas Tm-5a and Tm-5b
appeared to strongly interact with the cloud domain. However, all three isoforms clearly associated
with the top half of the actin ring forming a dense cap (McMichael et al., 2006). Furthermore, Tm-4
was proposed to play a consistent role in stabilizing actin ﬁlaments within the sealing zone, likely
by regulating access of other proteins that may play roles in actin turnover, as its suppression or
overexpression induces an impairment in bone resorption and cell motility (McMichael et al., 2008).

Cofilin and profilin: Coﬁlin is a key protein responsible for actin ﬁlament disassembly. It
binds to actin ﬁlaments and enhances the rate of dissociation of actin monomers from the minus
end. Furthermore, coﬁlin activity is held in balance by the opposing action of kinases that inactivate
it and phosphatases that activate it. It was localized in its active form at the junction between
the cloud and the core domains, while its inactive phosphorylated form was restricted to the cloud
domain (Blangy et al., 2012; Zalli et al., 2016). Indeed, the phosphatase SSH1 was colocalized with
inactive coﬁlin in the could domain, which hints at its possible contribution to the activation of
coﬁlin, induced by RANK-L signaling (Blangy et al., 2012). In addition, acetylated coﬁlin was found
to interact with cortactin at the core domain and this interaction was determined to be critically
important for the formation of podosome belts in osteoclasts (Zalli et al., 2016).
In contrast, proﬁlin can reverse the eﬀect of coﬁlin and stimulate the incorporation of actin
monomers into ﬁlaments, by stimulating the exchange of bound ADP for ATP. Interestingly, it
was however found that osteoclast stimulation with osteopontin had no eﬀect on phosphoinositides
associated with proﬁlin, and hence on its enhancing of actin ﬁlament formation (Chellaiah et al.,
1996b). However, it was proposed that v-ATPases in osteoclasts require a proﬁlin-like domain
to interact with actin-ﬁlaments, hinting at a possible role in the endocytic or exocytic processes
associated with osteoclastic resorption (Holliday et al., 2005).
Cortactin, the Arp2/3 complex and WASp: Cortactin has been shown to activate
the Arp2/3 complex and to promote formation of ﬁlament branching from pre-existing ﬁlaments.
The latter is accomplished by the ability of cortactin to bind simultaneously F-actin, Arp3, and
another Arp2/3 activating protein, neural-Wiscott Aldrich Syndrome protein N-WASp. Cortactin
was located at the core domain within the sealing zone, where it is thought to interact with various
other proteins such as dynamin2, the Arp2/3 complex, WASp and N-WASp (Ochoa et al., 2000;
Pfaﬀ et al., 2001; Hurst et al., 2004; Tehrani et al., 2006; Chabadel et al., 2007; Ma et al., 2010).
Moreover, z-scanning observations showed that it preferentially localized towards the membrane near
the substrate, along with WASp and Arp3 (Pfaﬀ et al., 2001; Hurst et al., 2004). Cortactin was
also proposed to be involved in the rapid actin turnover in podosomes through its interaction with
EB1 and microtubules, cortactin deletion resulting in disorganized actin structures and impaired
bone resorption in osteoclasts (Duplan et al., 2014). Indeed, it seems that an alternate and dynamic
process of acetylation/phosphorylation of cortactin is required for podosome belt formation, possibly
in relation with coﬁlin (Duplan et al., 2014; Zalli et al., 2016).
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Actin-related proteins 2 and 3 form a massive complex composed of seven highly conserved subunits. The Arp2/3 complex is a central actin nucleator that binds to the side of existing ﬁlaments to
promote new ﬁlament growth as a branch, with an approximate 70◦ orientation. It appears as a key
protein to promote actin arrangement into sealing zone, as Arp2 deletion or its activator cortactin
via siRNA completely suppressed actin rings in murine osteoclasts (Hurst et al., 2004; Tehrani et al.,
2006). Most recently, the Arp2/3 complex was localized thanks to electron microscopy, which interestingly revealed that it spanned the entire volume of the sealing zone actin network, and that its
localization was not restricted to the sites of actin ﬁlament branching and crossing (Akisaka et al.,
2019).
WASp functions as a scaﬀolding protein for the Arp2/3 complex, and both localize at the core
domain in osteoclasts (Chellaiah, 2005; Jurdic et al., 2006). Arp3 association with WASp seems to
be in competition with gelsolin, and whereas its interaction with Arp2 was stimulated in the presence
of osteopontin (Biswas et al., 2004; Chellaiah, 2005). In addition, WASp appears to simultaneously
interact with membrane phospholipid phosphatidylinositol (4,5)-bisphosphate (PIP2), which in turn
facilitates its binding to Rho GTPase Cdc42, and the formation of this molecular complex is crucial
for the organization of actin rings (Calle et al., 2004b; Chellaiah, 2005). CD44 might also be involved
in a major signaling pathway inducing sealing zone formation and bone resorption in osteoclasts, in
which its activation can compensate for the deletion of WASp interactin protein (WIP) (Chabadel
et al., 2007).

Actin filament arranging proteins
Fimbrins: Fimbrins are actin bundling proteins, binding to F-actin as a monomer and holding
two parallel ﬁlaments less than 20 nm apart. Fimbrin was ﬁrst located at the core domain in
osteoclasts (Marchisio et al., 1984; Babb et al., 1997; Ma et al., 2010). Fimbrin isotype analysis
revealed that T-ﬁmbrin and L-ﬁmbrin shared similar distributions strongly correlating with that of
F-actin, whereas I-ﬁmbrin was absent from avian osteoclasts (Babb et al., 1997). This information,
combined with the knowledge that ﬁmbrin isoforms exhibit speciﬁcity in their binding to actin
isoforms hints at the possible diversity of actin isoform within F-actin cores. Moreover, biochemical
evidence suggests that F-actin properties may vary according to the mix of isoforms in the ﬁlament,
and the resulting ﬁlaments have polymerization and depolymerization rates that vary according to
the mix ratio (Bergeron et al., 2010). More speciﬁcally, L-ﬁmbrin binds solely to β-actin and in its
serine phosphorylated state is found associated with actin bundles. Interestingly, its expression in
both phosphorylated and dephosphorylated forms seems to decrease progressively as the resorption
stages are advancing (Ma et al., 2010). Indeed, it was hence proposed as a potential regulator of the
early phase of sealing zone formation upon TNF-α regulation of the phosphorylation of two serine
residues (Chellaiah et al., 2018).

Filamin: Filamin is a large actin-binding protein, which interacts with ﬁlaments as a dimer.
Its actin-binding domains and dimerization domains are at opposite ends of each subunit, so the
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ﬁlamin dimer is a ﬂexible V-shaped molecule with actin-binding domains at the ends of each arm.
As a result, ﬁlamin forms cross-links between orthogonal actin ﬁlaments, creating a loose threedimensional meshwork. It was reported to display a similar distribution as talin in the sealing zone,
where they compete for the same integrin β subunit binding site (Marzia et al., 2006; Steenblock
et al., 2014). Interestingly, either proteins are thought to be involved in a Src-dependent protein
complex crucial for sealing zone formation (Steenblock et al., 2014). Furthermore, ﬁlamin binding
LIM protein 1 - or migﬁlin - has been identiﬁed as a key regulator of bone homeostasis: migﬁlindeﬁcient mice display on osteopenic phenotype, possibly resulting from a decrease of osteoblast
precursors and dramatic increase in osteoclastogenesis (Xiao et al., 2012).

α-Actinin: α-Actinin also bundles actin ﬁlaments, but as a dimer, and is generally associated
with acto-myosin contractility. It presents binding sites for direct interaction with integrin β subunits, similar to talin, and could thus also be involved in the anchorage of actin cytoskeleton to the
membrane proteins. Indeed, this duplicity is also reﬂected in its localization both at the core and
the cloud domains in actin ring structures (Marchisio et al., 1984; Babb et al., 1997; Pfaﬀ et al.,
2001; McMichael et al., 2008). Interestingly, similar to proﬁlin, osteopontin stimulation of integrin
clustering had no eﬀect on PIP2 association with α-actinin, although PIP2 is known for its regulation of actin-binding activity (Chellaiah et al., 1996b). However, no other signaling pathway has yet
been explored to decipher α-actinin regulation in osteoclasts.
Myosins: Myosin superfamily members are the only known actin-based motor proteins, and
diﬀerent isoforms have been identiﬁed in various speciﬁc activities.Myosin II powers muscle contraction and cytokinesis, whereas myosins I and V are involved in cytoskeleton-membrane interactions
such as the transport of membrane vesicles. Murine osteoclasts have been reported to express both
myosin heavy chain isoforms IIA and IIB, but only myosin IIA is enriched in sealing zones, particularly within the cloud domain (Krits et al., 2002; Chabadel et al., 2007; Saltel et al., 2008). There,
it was also proposed to be involved in the possible contractile function of the cloud domain (Saltel
et al., 2008).
Other myosins were reported in osteoclasts:
• myosin X, acting as a physical link between microtubules and the forming sealing zone and
completely absent from mature structures (McMichael et al., 2010a);
• and myosin IXB, acting as a critical regulator of podosome patterning and osteoclast function,
possibly via its involvement in spatial organization of signaling proteins such as Src kinase
(McMichael et al., 2014).

1.3.2. Regulation of the sealing zone
As previously stated, bone resorption is an active process requiring massive cytoskeletal rearrangements, which is reﬂected by the abundance of proteins involved in actin polymerization within the
sealing zone. To allow eﬃcient bone degradation, a tight regulation of the activity of these proteins
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is regulated through signaling events. In particular, the binding to RGD-containing ECM of integrin
αvβ3, the major integrin receptor in osteoclasts, induces its clustering and signal transducing via
signaling phosphoproteins, such as Rho family members and protein kinases of the Src family (Faccio
et al., 2002) (Fig. 1.29).

Figure 1.29.: Signaling pathways involved in the regulation of the sealing zone comonents. Osteoclast attachment causes integrin activation and binding of Src with PYK2 and PI3K. Activation of
PI3K causes the activation of PI (4,5)P2 and PI(3,4,5)P3 to activate gelsolin to cause F-actin severing and uncapping in the core. CDC42-GTP causes the activation of WASp and N-WASp which in
turn stimulates the actin nucleation and polymerization function of the Arp2/3 complex. Adapted
from Soysa et al., 2016.

The activity of small Rho GTPases
Rho GTPases promote F-actin and adhesion structure rearrangements and appear to be the probable signaling intermediates between microtubules and F-actin (Burridge et al., 2004). Moreover,
activation of the major Rho family members: RhoA, Rac1 or Cdc42, induces the formation of speciﬁc
F-actin and adhesion structures (Raftopoulou et al., 2004). Various Rho GTPases are expressed in
osteoclasts and they play important functions in many aspects of osteoclast biology, from diﬀerentiation and fusion of osteoclast precursors to osteoclast migration and bone resorption activity
(Brazier et al., 2006; Chellaiah, 2006; Ory et al., 2008). Indeed, Rho GTPase activity is required
for maintaining and modulating sealing zone organization in osteoclasts via interaction with various
actin-binding proteins.
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RhoA - First evidence of the importance of Rho GTPase activity was reported upon the observation of the eﬀect of C3 exoenzyme on osteoclast function and actin organization (Zhang et al.,
1995). ADP-ribosyltransferase C3 (C3 exoenzyme) selectively and speciﬁcally ADP-ribosylates Rho
proteins RhoA, RhoB and RhoC. Inactivation of Rho proteins was associated with inhibition of
tyrosine phosphorylation and activation of PI3-kinase, disruption of sealing zone and impairment
in bone resorption (Zhang et al., 1995). Speciﬁcally, RhoA inhibition was reported to result in the
formation of podosome belts, instead of functional sealing zones in osteoclasts plated on bone, or in
osteoclasts lacking PYK2 (Saltel et al., 2004; Gil-Henn et al., 2007). To conﬁrm this observation,
podosome belt formation coincided with low levels of RhoA activation in osteoclasts plated on glass
(Destaing et al., 2005). Yet, RhoA activation appears not to be suﬃcient to induce sealing zone
formation. Rather, it could be involved in the stabilization of actin structures via its interaction
with microtubules (Destaing et al., 2005; McMichael et al., 2014). Importantly, PI3-kinase, which
produces PIP2 and regulates many sealing zone components, such as proﬁlin, gelsolin and α-actinin,
has also been shown to interact with αvβ3 and to increase its activity in a RhoA-dependent manner
(Lakkakorpi et al., 1997; Chellaiah et al., 2000a).

Cdc42 - While transduction of activated Cdc42 in osteoclasts ﬁrst showed little eﬀect in sealing
zones, it was later reported to increase PIP2 interaction with WASp, a major eﬀector of Cdc42
(Chellaiah et al., 2000a; Chellaiah, 2005). Binding of PIP2 to WASp increases the eﬀectiveness
of Cdc42 binding to WASp, this cooperation being necessary for actin ring formation (Chellaiah,
2005). This observation hints at the requirement of both Rho- and Cdc42-mediated events for WASp
activation, interaction of Arp2/3 with WASp, and cortical actin polymerization. Similar to RhoA,
Cdc42 may also be involved in the stabilization of the sealing zone by microtubules via interaction
with WASp, although this association has only been reported in macrophages (Linder et al., 2000b).

Rac - Rac1 and Rac2 are both expressed in osteoclasts, and were ﬁrst reported to display distinct
roles in osteoclast precursor chemotaxis and diﬀerentiation in vivo (Wang et al., 2008). Indeed, Rac1
was proposed as the predominant isoform because of its regulatory role in M-CSF-mediated chemotaxis and actin assembly of pre-osteoclasts. However, a subsequent study refuted this hypothesis,
showing that Rac1 and Rac2 were not involved in osteoclastogenesis, but rather showed overlapping
roles by localizing Arp3 within the sealing zone during its formation (Croke et al., 2011). What
is more, Rac double deletion resulted in the absence of sealing zones and bone resorption defects
(Croke et al., 2011).

Rho GTPases GEFs and GAPs - The activity cycle of Rho GTPases is regulated on one
hand by guanine nucleotide exchange factors (GEFs), which activate the GTPases by catalyzing
the release of GDP and allowing the binding of GTP (Gadea et al., 2014; Fort et al., 2017). On
the other hand GTPase-activating proteins (GAPs) inactivate the GTPases by stimulating their
GTP hydrolysis activity (Tcherkezian et al., 2007). Various Rho GTPase GEFs and GAPs are
expressed in osteoclasts (Brazier et al., 2006). Considering RhoA, myosin IXB was reported to

54

Chapter 1. Literature review
modulate osteoclastic resorption while not apparently disrupting sealing zones upon its suppression
(McMichael et al., 2014). Indeed, myosin IXB acts as a GAP for RhoA, and increase in RhoA
activity appeared to have an inﬂuence on the stability of the microtubule network.
Considering Cdc42, FGD6 was reported to act as a GEF, and to coordinate cell polarity and membrane recycling through its Src-dependent interaction with diﬀerent actin-based protein networks,
such as talin or ﬁlamin A (Steenblock et al., 2014). Considering Rac, one of its GEF Dock5 was
reported to be required for sealing zone formation, within which it localizes in the cloud domain and
interacts with scaﬀold protein Tensin 3 (Vives et al., 2015; Touaitahuata et al., 2016; Blangy, 2017).
Another Rac-GEF is Vav3, of which deﬁciency has been identiﬁed as an osteopetrotic factor in mice
(Faccio et al., 2005).

Phosphorylation activity of the Src family kinases
Phosphorylation at tyrosine residues controls a wide range of properties in proteins such as enzyme
activity, subcellular localization, and interaction between molecules.

Src - A new area was opened in osteoclast research when it was ﬁrst observed that the targeted disruption of c-Src in mice induced osteopetrosis, and that the kinase was highly expressed in osteoclasts
(Soriano et al., 1991; Horne et al., 1992). Initial localization studies preferentially located the kinase
in membrane associated domains, such as vesicles or the ruﬄed border (Horne et al., 1992; Tanaka
et al., 1992). Proto-oncogene product c-Cbl is tyrosine-phosphorylated in a Src-dependent manner in
vesicular structures, which is required for bone resorption, yet was later localized within the sealing
zone (Tanaka et al., 1996; Szymkiewicz et al., 2004). In addition, several cytoskeleton-associated
proteins, such as vinculin, talin, paxillin, cortactin, and focal adhesion tyrosine kinase (FAK), are
known substrates for Src kinase, and have been identiﬁed as components of the sealing zone, which
hints at a possibly similar localization for Src. It has been reported that upon attachment to bone,
tyrosine phosphorylation increased to higher levels than PI3-kinase and RhoA, without apparently
direct binding of Src with β3 integrin (Chellaiah et al., 1996a; Lakkakorpi et al., 1997). Indeed,
Src was notably identiﬁed to associate with gelsolin, which in turn stimulates cytoskeletal reorganization through PI3-kinase signaling (Chellaiah et al., 1998; Chellaiah et al., 2000b). Furthermore,
Src-deﬁcient mice were reported to display defective sealing zone organization on bone (Lakkakorpi
et al., 2001).
The tyrosine kinase Src preferentially localizes to the actin cloud domain, where it is notably
required for the organization of this domain (Sahu et al., 2007; Saltel et al., 2008; Heckel et al.,
2009). Indeed, Src-deﬁcient osteoclasts displaying peculiar actin structures, in which podosomes
seemed to exhibit only the core domain (Destaing et al., 2008). What is more, it appeared that both
Src localization and enzymatic activity were essential for optimal sealing zone assembly (McMichael
et al., 2010b). In contrast to the observations of previous studies, Src has been reported to bind to
the cytoplasmic tail of β3 integrin, and to anchor PYK2 along (Zou et al., 2007; Destaing et al.,
2008). Yet, it has also been reported to interact with proteins located in the core domains, such as
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dynamin and cortactin, known as a major Src substrate (Ochoa et al., 2000; Bruzzaniti et al., 2005;
Tehrani et al., 2006; Bruzzaniti et al., 2009; Ma et al., 2010; Duplan et al., 2014).
Src kinase activity has also been linked to the activation of another tyrosine kinase Syk, involved
in facilitating Rac GTPase activation via its GEF Vav3 (Faccio et al., 2005).

PYK2 - Proline-rich tyrosine kinase 2 (PYK2) is a cytoplasmic kinase related to the focal adhesion kinase (FAK), is calcium-calmodulin sensitive, and can bind protein tyrosine kinase Src and
paxillin (Dikic et al., 1996; Hiregowdara et al., 1997). PYK2 expression is abundant in osteoclasts
in vitro and in vivo, where it has been reported to form a molecular complex with Src and integrin
β3 subunit (Duong et al., 1998). Osteoclast adhesion to osteopontin or vitronectin induced the
translocation of PYK2 into the cytoskeletal fraction, and it was observed to colocalize with vinculin,
paxillin and p130Cas in sealing zones (Duong et al., 1998; Lakkakorpi et al., 1999; Lakkakorpi et al.,
2001; Pfaﬀ et al., 2001). Its association with p130Cas, a major tyrosine-phosphorylated protein,
indicates that it may serve as a docking protein for multiple Src homology (SH)2 and SH3 domaincontaining molecules, such as PI3-kinase, in a Src-independent manner (Lakkakorpi et al., 1999;
Heckel et al., 2009). PYK2 has thus been suggested to participate in the transfer of signals from
the cell surface to the cytoskeleton, due to its signiﬁcant binding to both integrin β1 and β3 tails,
independently of paxillin (Pfaﬀ et al., 2001). This signaling pathway is required for eﬃcient bone
resorption and sealing zone formation in osteoclasts (Jurdic et al., 2006; Gil-Henn et al., 2007). Interestingly, PYK2-null mice not only displayed an osteopetrotic phenotype associated with a loss of
actin superstructures, their osteoclasts exhibited enhanced Rho GTPase activity and decreased levels
of microtubule acetylation (Gil-Henn et al., 2007). In addition, PYK2 interaction with large GTPase
dynamin in the cloud domain has been reported to decrease its phosphorylation and association with
Src, independently of integrin αvβ3 activation (Bruzzaniti et al., 2009).

Interaction with microtubules
Microtubules can contact focal adhesions, thereby inducing their destabilization (Kaverina et al.,
1999; Krylyshkina et al., 2003). In osteoclasts, microtubules have also been reported in close relation with the sealing zone. Indeed, they display a radial organization from the nuclei to the
peripheral actin ring, and are enriched in a concentric manner in its upper portion (Zallone et al.,
1983; Lakkakorpi et al., 1991a; Lakkakorpi et al., 1996; Babb et al., 1997; Okumura et al., 2006).
Observation of electron micrographs of sheared-open osteoclasts exhibited several podosomes distributed along the length of a single microtubule, or single podosomes targeted by single microtubules
(Akisaka et al., 2008). In addition, a dense network of microtubules reaches deep down into the resorption pit, strongly suggesting an active role for microtubules in the membrane traﬃc to the ruﬄed
border (Lakkakorpi et al., 1991a). Interestingly, microtubule depolymerization via treatment with
nocodazole induced the loss of actin superstructures, individual podosomes rather exhibiting random
pattern throughout the cytoplasm (Babb et al., 1997; Okumura et al., 2006). This observation hints
at a possible role for the interaction between actin- and microtubule-based cytoskeletal components
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in the promotion of sealing zone and bone resorption (Fig. 1.30).

Figure 1.30.: Myosin X is positioned between microtubules and actin of forming podosome belts
and sealing zone. A, schematic of podosome belt and sealing zone formation in cultured osteoclasts.
B, a marrow-derived osteoclast on glass with an immature podosome ring was labeled for Myosin
X (green), F-actin (red), and microtubules (blue). Myosin X localizes between F-actin and microtubules, as shown in the merged image. Scale bars 10 µm. Adapted from McMichael et al., 2010a.

Indeed, disrupting microtubules in osteoclasts on bone with colchicine induced a decrease in the
amount of PI3-kinase translocated in cytoskeletal fraction (Lakkakorpi et al., 1997). And conversely,
inhibition of PI3-kinase enzymatic activity with wortmannin or protein kinase B caused rounding of
the cells, suggesting dramatic disassembly of the microtubule network, and bone resorption defects
(Lakkakorpi et al., 1997; Matsumoto et al., 2013). Subsequently, acetylation of microtubules has been
proposed to be under control of Rho GTPase activity. Indeed, C3 exoenzyme treatment drastically
delayed podosome belt disassembly, via increase of the acetylated microtubule level (Destaing et al.,
2005; Gil-Henn et al., 2007). This interaction between RhoA and microtubule has been described
to involve histone acetylase HDAC6, which is recruited and activated by formin mDia2 (Destaing
et al., 2005). What is more, it has been reported that RhoA activity was enhanced in PYK2-null
osteoclasts, but its inhibition was able to reinduce the formation of a belt-like structure at the cell
periphery (Gil-Henn et al., 2007). In contrast, myosin X has been proposed to act as a physical
link between actin and microtubule at the sealing zone, yet its suppression did not apparently alter
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RhoA nor Rac GTPase activity (McMichael et al., 2010a).
Microtubule acetylation has further proved to be crucial for actin organization in osteoclasts and
bone resorption. Calpain-6, a nonproteolytic member of the glucocorticoid family, complexes with
tubulin in the vicinity of the sealing zone, and its absence inhibits microtubule acetylation and stability in the osteoclast (Hong et al., 2011). In addition, microtubule acetylation might also be involved
in the activation cycles of coﬁlin and cortactin. Coﬁlin interacts with microtubule plus end proteins
to target microtubule to podosomes, where it interacts with EB1 and cortactin under the control
of HDAC6. Indeed, acetylation and phosphorylation of coﬁlin are mutually exclusive, acetylation of
coﬁlin favoring interaction with cortactin in its activated form, whereas its phosphorylation prevents
this association (Blangy et al., 2012; Zalli et al., 2016).
In a reciprocal manner, F-actin depolymerization by cytochalasin D aﬀected microtubule networks, resulting in the loss of its circumferential organization, and osteoclast function (Okumura
et al., 2006). Interestingly, treatment with calcitonin achieved total disruption of sealing zones,
without aﬀecting microtubule network, but probably associated with the impairment of v-ATPase
distribution in a microtubule-independent manner (Okumura et al., 2006).

1.3.3. Scale-dependent dynamics of the sealing zone
Cell migration requires spatial and temporal regulation of ﬁlamentous actin (F-actin) dynamics.
This regulation is achieved by distinct actin-associated proteins, which mediate polymerization, depolymerization, severing, contraction, bundling or engagement to the membrane. In the case of
osteoclasts, cells need to migrate toward their next resorption site, establish the sealing zone and
ruﬄed border domains and maintain them throughout the whole degradation process, then disassemble the entire membrane apparatus to start all over again. To achieve the speciﬁc arrangement of
ﬁlamentous actin into the sealing zone, where multiple actin-related proteins and potential eﬀector
proteins coexist, dynamic processes occur at various scales in osteoclasts.

At the cell scale: adhesion and migration
Substrate adhesion - In order to seal the acidic environment of the resorption lacuna, osteoclasts make close contact with the underlying material. In fact, osteoclast adhesion to their substrate
has been reported to be very tight, exhibit only a few tens of nanometers gap (Lakkakorpi et al.,
1996; Akisaka et al., 2008; Akisaka et al., 2015). This acute proximity on a restricted area of the cell
results in local membrane curvature, as seen with interference microscopy (Marchisio et al., 1984;
Kanehisa et al., 1990; Nakamura et al., 1999; Calle et al., 2004b; Tehrani et al., 2006; Chabadel
et al., 2007). These protruding characteristics hint at a possible involvement of a force generation
process within the sealing zone. Therefore, adhesion force and energy have recently been measured
by probing osteoclasts with tipless bone-coated AFM cantilevers . These experiments showed that
adhesion force was stronger towards bone material compared to bovine serum albumine (BSA) coating: 100 nN against 30 nN, respectively. In addition, adhesion energy increased with longer periods
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of probe contact, spanning 30 s to 300 s (Deguchi et al., 2016). However, it is uncertain whether
this timing was suﬃcient for the establishment of osteoclast speciﬁc adhesion structures.
As pointed, the degree of osteoclast adhesion appears to be substrate-dependent. Osteoclasts
plated on glass coated with either osteopontin or bone sialoprotein show a characteristically irregular
and extended morphology, whereas when adhering to vitronectin they show a much more regular
and spread morphology (Horton et al., 1995). It suggests a possible role for integrin “outside-in”
signaling in regulating the internal cell tension via cytoskeletal rearrangement. Indeed, it was notably
reported that Src, PYK2 and p130Cas were tyrosine-phosphorylated in a time-dependent manner
upon attachment to vitronectin, or that adhesion kinetics were impaired in Src-deﬁcient osteoclasts
(Lakkakorpi et al., 1999; Lakkakorpi et al., 2001; Pfaﬀ et al., 2001). Furthermore, calcitonin was
able to induce the detachment of osteoclasts, seemingly via decreasing PYK2 phosphorylation and
increasing its interaction with Src (Shyu et al., 2007).

Substrate topography sensing - In addition to chemically-induced integrin signaling, osteoclasts have also been proposed to modulate their adhesion according to substrate topography
sensing. Indeed, ﬁrst observation that increasing the degree of apatite crystallinity coincided with
an increase in cells exhibiting sealing zone (Saltel et al., 2004). Another study related membrane
structure diﬀerences depending on the roughness of the substrate by comparing glass, calcite and
bone slices. On glass osteoclasts exhibited a ﬂat membrane domain within sealing zone-like structure, while on bone the typical ruﬄed border with ﬁnger-like structures delimited by membrane
folds was observed and on calcite sparse deep extrusions apparently replaced the ruﬄed border and
membrane was following the local topography (Geblinger et al., 2009). Further exploration of the
inﬂuence of roughness revealed that rougher surface promoted the formation of few large and stable
sealing zones, whereas osteoclasts on smooth surfaces preferentially formed multiple small instable
actin rings, independently of the presence of extracellular matrix proteins (Geblinger et al., 2010)
(Fig. 1.31). The same reports that sealing zone stability increases substantially with increasing
roughness also proved true on aluminum gradients and bone (Geblinger et al., 2011; Shemesh et al.,
2015; Shemesh et al., 2017).
It appeared that sensing of the substrate roughness occurs not at the scale of individual podosomes, but of a number of podosomes linked together in the sealing zone. Indeed, extracellular
microtopographic obstacles aﬀected sealing zone formation and local turnover, its progression in the
region encountering a topographic barrier being stalled relative to its surroundings until ﬂanking
regions have advanced beyond the barrier (Geblinger et al., 2011). Interestingly, osteoclasts plated
on crystal cleavage-induced steps displayed extensive nucleation of new, short-lived rings along the
imperfection (Geblinger et al., 2010). Indeed, abrupt local changes in the axial direction have been
identiﬁed to direct the formation of sealing zones. They were rarely observed in proximity to osteocyte lacunae, saw markings, or surface cracks, while bumps appeared to not only preferentially
promote their formation around bulges size, but are also to stabilize them (Shemesh et al., 2015).
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Figure 1.31.: Osteoclasts adhering to diﬀerent bone topographies diﬀer in the size of their sealing
zone rings. (a) Representative ﬂuorescence images of RAW 264.7 cells plated on rough and smooth
bone surfaces and stained for actin (left panels), nuclei (middle panels) and actin and nuclei overlaid
(right panels). Scale bars 50 µm. (b) Box chart of the sealing zone ring size populations on each of
the surfaces. Adapted from Shemesh et al., 2017.

Migration - Initial observations of osteoclasts plated on bone and the associated resorption trails
led to hypothesize that bone degradation and cell motility could be temporally correlated. Osteoclasts were seen to cover only part of the resorption lacunae, and the convex part of crescent shaped
bands of podosomes was outlining the advancing edge of the lacunae (Kanehisa et al., 1990). In fact,
numerous biochemical treatments were simultaneously reported as altering the sealing zone and
motile properties of osteoclasts. Integrin clustering stimulation via binding to osteopontin has hence
been associated with increased migrated distances, speciﬁc directionality and higher rates of motility
in phagokinesis or transwell migration assays (Chellaiah et al., 2000b; Chellaiah et al., 2000a; Faccio
et al., 2002; Chellaiah et al., 2003c; Samanna et al., 2007). In addition, signaling proteinsassociated
with cytoskeletal remodeling and matrix metalloproteinases have also been proposed to modulate
osteoclast migration (Chellaiah et al., 2000a; Goto et al., 2002; Bruzzaniti et al., 2005; Samanna
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et al., 2007; Georgess et al., 2014). Moreover, migration towards bone fragments has been reported
to be quite a long process, spanning a few hours (Ma et al., 2010).
Accordingly, cyclic podosome ring expansion has been described to drive osteoclast migration periodically every two hours (Hu et al., 2011b) (Fig. 1.32). The formation and expansion of podosome
rings inside the osteoclast accompany its elongation in one given direction, until the cell length
reaches a maximum. At this time point, as osteoclasts mostly displayed at least two actin rings, the
widest actin structure disappears from one side, and the cell retracts toward the remaining structure
on the opposite side, which becomes the leading edge. This results in a “jump” of the cell in the
corresponding direction approximately 10 minutes after the cell length has reached a maximum.
Subsequently, the cell elongates in an almost perpendicular direction due to the growth of two new
rings from the remaining structure at the leading edge. Interestingly, observation of this dynamic
process on a soft substrate allowing for the visualization of its deformations revealed that podosome
rings are subjected to an internal tension that tends to increase their perimeter, extend the ring
toward the periphery and subsequently stretch the cellular membrane (Hu et al., 2011b).

Figure 1.32.: Podosome ring expansion and osteoclast migration are correlated. The dynamics of
an osteoclast expressing GFP-actin moving on the surface of a polyacrylamide gel. Adapted from
Hu et al., 2011b.
Yet, a more recent study also used substrates with varying stiﬀness and not functionalized with
extracellular matrix proteins. Its ﬁndings most surprisingly revealed that such substrates did not
support podosome formation in osteoclasts, even though osteoclasts migrated eﬃciently (Touaitahu-
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ata et al., 2013). What is more, identiﬁcation of two types of resorption traces suggested speciﬁc
relations between migration and degradation in physiological conditions: some osteoclasts speciﬁcally
break down sparse locations on the bone by alternating stationary resorption and migration phases,
and some osteoclasts can combine both function simultaneously (Rumpler et al., 2013; Merrild et al.,
2015; Søe et al., 2017).

Transmigration - Osteoclasts have been reported to migrate through cell layers found in the
bone microenvironment, stromal, endothelial cells or adipocytes, but not through epithelial cells
(Saltel et al., 2006; Saltel et al., 2008). This feat suggested that osteoclast transmigration is more a
transcellular process than intracellular diapadesis. Interestingly, molecular components exclusively
associated with the core domain were not required (Saltel et al., 2008). Instead, proposed transmigration regulating factors consisted in Src, seemingly acting downstream of orphan nuclear estrogen
receptor-related receptor α and upstream of phosphorylated paxillin, and matrix metalloproteinases
(Saltel et al., 2006; Badowski et al., 2008; Bonnelye et al., 2010).

Mesoscale patterning and dynamics of the sealing zone
Patterning of podosomes in osteoclasts - Given that resorption pits have been observed
in sparse distributions on substrates degraded by osteoclasts, numerous studies have striven to
document the possible cytoskeletal rearrangements leading to the establishment of the sealing zone.
Therefore, ﬁve main podosome patterns in osteoclasts have been identiﬁed: individual podosomes,
podosome clusters, small podosome rings, and either podosome belts on glass or sealing zone on bone
(Zambonin-Zallone et al., 1988; Lakkakorpi et al., 1991a; Calle et al., 2004b). These podosomes
arrangements have been sequentially identiﬁed in osteoclasts throughout diﬀerentiation or upon
substrate adhesion (Zambonin-Zallone et al., 1988; Destaing et al., 2003; Calle et al., 2004b; Shyu
et al., 2007; Akisaka et al., 2008; Badowski et al., 2008; Ory et al., 2008). Hence, it has been
proposed that they were actually temporally related (Fig. 1.33):
• individual podosomes aggregate to a few restricted membrane regions to assemble clusters;
• within clusters, central podosomes tend to translocate centrifugally and disassemble more
rapidly than peripheral ones, which gives rise to small podosomes rosettes;
• podosome rings expand radially by incorporation of podosomes towards its periphery, until
contact between two rings leads to their fusion into a larger, still-expanding ring;
• peripheral podosome belt is described to contour the cell membrane domain which is in contact
with the substrate, and sealing zones delimitate the resorption lacuna.
Electron microscopy observations further supported this proposed patterning cycle by highlighting
increased interconnectivity, proximity and complexity of the actin ﬁlament arrangement with each
stage (Luxenburg et al., 2007; Akisaka et al., 2015; Akisaka et al., 2019). In addition, patterning
stages are associated with speciﬁc actin dynamics. Individual podosomes and clusters exhibit highly
dynamic actin turnover, small rosettes tend to be more transient structures, and podosome belts
display stationary behavior (Destaing et al., 2003; Luxenburg et al., 2006b; Akisaka et al., 2008;
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Geblinger et al., 2009). Interestingly, formation of podosome clusters and rings is microtubule
independent, whereas the podosome belt depends on stabilized acetylated microtubules (Saltel et
al., 2008).

Figure 1.33.: Expanding podosome rings are formed inside podosome clusters and grow larger as
diﬀerentiation progresses. Actin-GFP RAW osteoclasts at early stage of ring formation (a) overview
of the cell with a mix of rings (black arrow) and clusters (white arrowhead). Inside a cluster (b), a
ring formed and expanded (c). No podosome formation was observed inside the area delimited by
the ring. (d) The ring eventually stopped and collapsed back to a cluster. Adapted from Destaing
et al., 2003.
However, some of these studies were carried out with glass substrates, on which osteoclasts form
podosome belts instead of sealing zones. In fact, these structures exhibit several diﬀerences, restraining from hasty homologies, notably the chemical and physical cues initiating their assembly
and the apico-basal polarization. Therefore, time-lapse observations of osteoclasts on apatite-coated
slides revealed successive cycles of sealing zone formation associated with resorption interrupted by
intermediate periods without clearly recognizable actin structures (Saltel et al., 2004). Sealing zones
would not apparently evolve from successive fusion stages of podosomes, but rather expand centrifugally from small induction centers (Ma et al., 2010). These initiator actin patches have notably been
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observed to be surrounded by myosin X and v-ATPase (McMichael et al., 2010a; Deguchi et al.,
2016).

Dynamics of the sealing zone - Upon adhesion to bone-mimicking substrates, osteoclasts
develop a limited number of large actin rings, delineating an area corresponding roughly to half of
the cell projected area (Geblinger et al., 2010). The life span of the sealing zone during a resorption
cycle spanned form slightly more than two hours to over six hours (Saltel et al., 2004; Geblinger et al.,
2010; Geblinger et al., 2011). Interestingly, it was reported that sealing zones display diﬀerent overall
dynamic behaviors in a substrate-dependent manner, even on resorbable materials. On calcite,
small rings were apparently merging in a continuous manner to form fewer large rings stable for
several hours, whereas on bone several small rings were stable for hours with little spatial variations
(Geblinger et al., 2009). This might be explained by discrepancies in the roughness of the material
surface (Shemesh et al., 2017). Fusion events have been further characterized as rapid processes,
during which the apparent merger of neighboring actin rings was followed by a gap in the actin bundle
around the middle of the overlap region (Geblinger et al., 2010). As the gap widens, the sealing zone
grows towards the cell periphery. In addition, fusion events are independent of variations in overall
sealing zone geometry, but strictly dependent on the continuity of matrix adhesion (Anderegg et al.,
2011). Interestingly, trench-forming osteoclasts have been visualized as exhibiting a crescent-formed
sealing zone throughout the entire resorption process, while analyses in sealing zone-like structures
had reported that local curvature inﬂuenced on local stability (Søe et al., 2017; Batsir et al., 2017).
Indeed, convex contours located near the leading edge are mostly stable, whereas concave regions
are unstable, associated with fast displacement or complete disassembly of the podosome belt.

Microscale actin turnover within a single core
Analysis of the dynamics of individual dots using phase-contrast microscopy showed that the phasedark dots at the cell periphery were highly dynamic, changing in size, their life span varied between
2 and 12 minutes (Kanehisa et al., 1990). Subsequent ﬂuorescence recovery after photobleaching
(FRAP) experiments brought into light the cause for these oscillations: recovery was not due to the
assembly of new podosomes, but rather to a high turnover of actin in the podosomes themselves,
characterized by a characteristic dynamical time of 30 seconds, both at the core and cloud domains
(Destaing et al., 2003; Saltel et al., 2004; Luxenburg et al., 2012). In fact, during the life span
of podosomes, more than twice the amount of actin that composes a podosome at a given time is
incorporated and removed from it. Interestingly, small GTPase RhoE has been identiﬁed to facilitate fast actin turnover in podosomes, without aﬀecting the expression levels of essential podosome
components (Georgess et al., 2014).
Fluorescence microscopy–based studies have also explored the spatiotemporal arrangement of
podosomes in osteoclasts. Luxenburg and coworkers suggested that individual podosome formation
involves an early local accumulation of paxillin, subsequent nucleation and stabilization of actin by
cortactin and its bundling by α-actinin, followed by a major increase of β3 integrin levels (Luxenburg
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et al., 2012). Interestingly, the same type of experiments in osteoclast-like BHK RSV-transformed
cells rather showed that newly assembled invadopodia contained exclusively core proteins. Mature
invadopodia were constituted by core proteins and surrounding proteins, and older invadopodia were
devoid of any core (Badowski et al., 2008).
Hu et al. proposed an elegant, although elementary, in silico modeling of the molecular regulation
for internal actin dynamics by gelsolin (Hu et al., 2011a) (Fig.1.34). In this model, ﬁlaments are not
branched, and supposed to grow from a nucleation site located at the cell membrane, by addition
of monomers, in a restricted area corresponding to the functional perimeter of gelsolin. Solving the
diﬀusion equations resulted in pointing out that the characteristics of the podosome in the steadystate are not sensitive to the local concentration of gelsolin, when considering only its ﬁlament
severing activity. This modeling could also be adapted to further explore the dependency of the
actin polymerization frequency on the local concentration at the core, and the interaction between
neighboring cores through the diﬀusion ﬁelds in the cloud domain. This analysis, combined with
state-of-art observation of the sealing zone components might be crucial for a better comprehension
of its multiscale dynamics.

Figure 1.34.: Schematic view of the dynamic regulation of actin ﬁlament length by the severing
activity of gelsolin. Adapted from Hu et al., 2011a.

1.4. Conclusions and perspectives
Through this extensive review of the published literature focusing on deciphering sealing zone molecular components and dynamics, a more detailed and comprehensive model of the speciﬁc architecture
regulation can be envisioned, and has yet to be completed thanks to ever-challenging studies.
As has been stated earlier, some proteins have extensively been cited to be associated with speciﬁc
domains within the sealing zone, while not having eﬀectively been localized in osteoclasts. This is
mainly due to the assumption of high similarity between individual podosomes and the osteoclast
speciﬁc adhesion and functional actin superstructure. However, it is highly possible that reality may
prove to be more complex than what is commonly assumed.
What is more, with the recent identiﬁcation of the cap domain in individual podosomes and the
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technological advances in high-resolution microscopy compatible with observations on bone substrates, it would be of the utmost interest to explore de novo the speciﬁc localization of well-known
proteins within the sealing zone. Fluorescence-based techniques such as stimulated emission depletion (STED) or structured illumination microscopy (SIM) could already provide crucial insights as
to the submicron scale distribution of various proteins, both in 2D and 3D (Deguchi et al., 2016;
Touaitahuata et al., 2016). Better still, this information could be coupled with ultrastructural localization through the use of correlative microscopy, hence substantially allowing for the thorough
understanding of the speciﬁc arrangement of actin ﬁlaments composing the sealing zone (Akisaka et
al., 2019). More challenging but not less exciting, developing sample preparation processes compatible with observation of the sealing zone via cryo-electron tomography would provide unique insights
into the branching patterns of ﬁlaments within the cores, which is otherwise inaccessible with other
acquisition methods.
In addition, internal dynamics of the sealing zone has been but poorly researched, and the proposed
model for the temporal organization and modiﬁcations of the sealing are vastly theoretical. Indeed,
few studies have explored actin time-dependent variations at the single core scale, and none in
the speciﬁc context of the sealing zone in resorbing osteoclasts. And yet, considering the various
signaling pathways previously identiﬁed as regulating actin polymerization processes, it is highly
conceivable that actin turnover would be paramount for both the establishment and the integrity
of this structure. Therefore, in-depth characterization of actin-related dynamic events within the
sealing zone requires both spatial and temporal high-resolution microscopy techniques. It would be
expected to allow for further deciphering the apparently close relation between neighboring cores
and, through the use of inhibitors, for identifying the various roles of signaling pathways at diﬀerent
stages of the resorption cycle. Another major question to be tackled with this type of exploration
would consist in the identiﬁcation of the main phases of sealing zone formation and disassembly on
bone, as no consensus has been reached and antagonist results hint at diﬀerent hypotheses, without
having provided suﬃcient data to establish their veracity.
Eventually, the sealing zone as a potential probing and sensing structure, similar to what has
been observed with individual podosomes, is still an elusive concept. Interestingly, expansion of the
actin ring has been associated with the generation of in-plane forces (Hu et al., 2011b). But the
sealing zone is also expected to be mainly a site of generation of forces protruding against the bone
matrix, in order to eﬃciently conﬁne the resorption acidic environment. Therefore, attempting at
characterizing the sealing zone mechanical properties would require tools to evaluate forces in 3D,
and at the scale of single subunits. However, such a technique has not yet been made available.
In contrast, the sealing zone sensitivity to micro- and nanotopographies has eﬀectively been reported (Geblinger et al., 2011; Shemesh et al., 2015; Shemesh et al., 2017). But since these observations were carried out on non-transparent substrates, they did not allow for the precise characterization of the mechanisms involved in topography sensing. Hence, renewing this exploration
on fabricated substrates, mimicking the physiological range of bone topography and allowing for
high-resolution microscopy, would proved crucial insights into osteoclast responses to extracellular
matrix physical cues.
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Nanoscale architecture and
dynamics of the sealing zone
This chapter presents the main results obtained through the systematic characterization of the sealing
zone in human osteoclasts with super-resolution microscopy techniques. It consists in a quasi-final
version of an article to be submitted by the end of 2019.
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Chapter 2. Nanoscale architecture and dynamics of the sealing zone

2.1. Abstract
The osteoclast is a cell type of the hematopoietic lineage dedicated to the resorption of mineralized bone matrix. To achieve this degradation process, osteoclasts form a superstructure called the
sealing zone, which creates a close contact with bone. Hence, it conﬁnes the release of protons
and proteinases to facilitate the dissolution of the mineral components and the digestion of organic
components. Electron microscopy has shown that the sealing zone is composed of actin cores nested
in a dense actin network that has so far prevented their observation by ﬂuorescence microscopy.
How cores are organized and coordinated to allow eﬃcient bone degradation is therefore still unknown. In this work, we combine cutting-edge super-resolution microscopy methods with scanning
electron microscopy to reveal the architecture and dynamics of the sealing zone formed by human
osteoclasts degrading bone. We show that random illumination microscopy allows the identiﬁcation
and live imaging of densely packed actin cores within the sealing zone. A cross-correlation analysis
of the ﬂuctuations of the sealing zone actin cores indicates that they are not coordinated at the
whole structure level but that they are synchronized locally. Further analysis of the organization of
adhesion components and actin crosslinkers shows that the sealing zone is composed of groups of αactinin1 linked podosomal cores encircled by adhesion complexes. Thus, the conﬁnement of the bone
degradation machinery is not achieved through the global coordination of all subunits composing
the sealing zone, but at the level of dynamic, functional islets of podosome cores.

Key words
Human osteoclasts - Sealing zone - Podosomes - Bone remodeling - Super-resolution microscopy

2.2. Introduction
Osteoclasts are giant multinucleated cells of the hematopoietic lineage, specialized in the degradation
of bone matrix. To do so, they pump protons into the resorption lacuna with vacuolar H+ -ATPase
(v-ATPase), thus lowering the local pH and facilitating the solubilization of apatite, the main bone
mineral component. This acidic environment is also prone to enhance the digestion of bone organic
matrix by the acid cysteine proteinase, cathepsin K, secreted by osteoclasts (Teitelbaum, 2007;
Soysa et al., 2016). The eﬃciency of this process relies on the ability of the cell to create an enclosed
resorption compartment, via the formation of a unique cytoskeletal structure, the sealing zone (Jurdic
et al., 2006).
First described as subcellular entity made of electron dense material and apparently deprived of
any organelle, thus resulting in ﬁrst denomination as the “clear zone”, the sealing zone was then
revealed to consist in a dense accumulation of actin ﬁlaments forming a circular shape surrounding
the resorption lacuna (Zambonin-Zallone et al., 1988; Kanehisa et al., 1990; Teti et al., 1991).
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Examination with scanning electron microscopy (SEM) of cells removed of their basal membrane
brought to light the peculiar arrangement of actin ﬁlaments within this structure, and particularly
unveiled the existence of a dense network of podosomes composing this structure (Luxenburg et al.,
2007; Akisaka et al., 2015; Akisaka et al., 2019). Accordingly, podosome typical components, such
as vinculin, paxillin, talin or cortactin, are localized in the sealing zone (Lakkakorpi et al., 1993;
Lakkakorpi et al., 2001; Pfaﬀ et al., 2001; Hurst et al., 2004; Gil-Henn et al., 2007; Chabadel et al.,
2007; Saltel et al., 2008; Ory et al., 2008; Ma et al., 2010). In a distinct way compared to single
podosomes, vinculin, paxillin and talin were reported to form a “double circle” ﬂanking the sealing
zone on either side, while cortactin mainly colocalized with actin (Lakkakorpi et al., 1993; Lakkakorpi
et al., 1996; Lakkakorpi et al., 1999; Pfaﬀ et al., 2001; Tehrani et al., 2006). Noteworthy, most of the
sealing zone studies were carried out based on observations of osteoclasts on glass substrates instead
of bone, due to the lack of optical transparency and high autoﬂuorescence of the mineralized matrix.
Yet, it has been suggested that actin structures on bone and on glass diﬀer, mainly in their total
width, and the interconnectivity and density of cores within (Luxenburg et al., 2007). Therefore,
only structures formed on bone or bone-mimicking materials are called sealing zone, structures on
glass being denominated as “sealing zone like” or podosome belts (Saltel et al., 2004; Jurdic et al.,
2006).
As a result, only poor knowledge has been collected about the architecture and dynamics of the
sealing zone. In particular, how podosome are organized and coordinated to allow eﬃcient bone
degradation is therefore still unknown. Hence, it appears paramount to develop higher-resolution
microscopy techniques compatible with observation on bone substrates. This could yield valuable
information concerning the spatial distribution of major actin-binding proteins within the sealing
zone, otherwise only arduously accessible via electron microscopy and correlative microscopy (Luxenburg et al., 2007; Geblinger et al., 2009; Akisaka et al., 2015; Akisaka et al., 2016; Akisaka et al.,
2019). What is more, observation of the sealing zone internal dynamics would provide substantial
hints to decipher how the sealing ability of such a structure is attainable in vitro. This exploration
would require both a spatial and temporal high-resolution microscopy technique.
In this work, we use cutting-edge super-resolution microscopy methods to reveal the architecture
and dynamics of the sealing zone formed by human osteoclasts degrading bone. First, comparison
between scanning electron microscopy (SEM) and random illumination microscopy (RIM) acquisitions of sheared-open human osteoclasts conﬁrmed the presence of single actin cores composing the
sealing zone. RIM technique also proved to be eﬃcient in deciphering this nanoscale organization
in living samples. Hence, cross-correlation analysis of the ﬂuctuation of the sealing zone actin cores
could show that podosome cores are synchronized locally. Further analysis of the organization of
adhesion components and actin crosslinkers revealed that the sealing zone is composed of groups of
α-actinin1 linked podosome cores encircled by adhesion complexes. Therefore, the conﬁnement of
the bone degradation machinery is not achieved through the global coordination of all podosomes
composing the sealing zone, but at the level of dynamic functional islets of podosome cores.
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2.3. Results
2.3.1. Nanoscale organization of actin cores in the sealing zones formed
by human osteoclasts
We ﬁrst investigated the organization of podosomes within the sealing zones of human osteoclasts.
Human osteoclasts derived from blood monocytes were diﬀerentiated for 10 days before being
plated on bovine bone slices. After 3 days, osteoclasts eﬃciently degraded bone, as shown by
scanning electron microscopy (SEM) observations (Fig. 2.1A). SEM acquisitions of unroofed cells
conﬁrmed that the sealing zones formed by human osteoclasts are composed of individual F-actin
rich podosome cores (Fig. 2.1B-B’), similarly to what was shown in osteoclasts induced from RAW
264.7 cells or harvested from rabbit long bones (Luxenburg et al., 2007; Akisaka et al., 2019). These
podosome cores were nested in a dense network of actin ﬁlaments, and appeared connected to their
neighbors by ﬁlaments running parallel to the substrate (Fig. 2.1B”, arrowheads). The morphometric
characteristics of the network were assessed by encircling each core and estimating their radius from
the selected area. Analysis of 457 cores in 9 diﬀerent cells yielded an average radius of 114 ± 155
nm (median ± standard deviation, Fig. 2.1D). Furthermore, applying Delaunay’s tessellation to
each dataset allowed for the characterization of the average inter-core distances within the same cell.
Direct neighbor pairs were 705 ± 886 nm apart (Fig. 2.1E), and ﬁrst neighbors were 443 ± 617 nm
apart (Fig. 2.1F).
F-actin distribution in human osteoclasts unroofed on bone was then observed by a new superresolution method called random illumination microscopy (RIM). RIM consists in illuminating a
sample with a series of random speckles and processing the stack of images using signal processing
and statistical tools, to gather a lateral and axial resolution of 100 and 300 nm, respectively. This
method beneﬁts from similar resolution as with traditional structured illumination microscopy (SIM),
while not requiring any initial calibration step. In addition, its super-resolution capability allows for
characterization of events within thick samples, until 30 µm in unknown optical medium (Mangeat et
al., in preparation). Actin staining showed a dense though discontinuous pattern within the sealing
zone (Fig. 2.1C,C””, Fig. 2.2). Signal analysis localized local intensity maxima, the geometric
features of which were assessed by extracting both the coordinates of the local maxima, and the
signal intensity values along 8 directions, evenly distributed from the center. Signal variations were
quantiﬁed along these eight 1 µm long segments, and the half-width of the peak in each direction
was computed after spatial derivation. The peak radii were computed by averaging the 8 values,
and in total 2781 local maxima, divided into 16 cells from 2 donors, were analyzed. The radius
distribution yielded an average value of 97 ± 60 nm (Fig. 2.1D). Delaunay’s tessellation was applied
to the peak coordinates to characterize their spatial arrangement. Direct neighbors were in a 694 ±
867 nm distance range (Fig. 2.1E), with ﬁrst neighbors being 399 ±194 nm apart (Fig. 2.1F).
As the distribution of radii and neighbor distances were similar with SEM and RIM, we concluded
that RIM eﬃciently allows for the observation of single actin cores within the sealing zones of human
osteoclasts.
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Figure 2.1.:

Nanoscale organization of actin cores in the sealing zones formed by human osteoclasts. (A) Pseudo-

colored scanning electron micrograph of a human monocyte-derived osteoclast degrading bone. (B) Scanning electron
microscopy image of an unroofed osteoclast. (B’) Enlarged view of (B). (B”) Localization of actin cores (circles).
Arrowheads point to lateral actin filaments linking actin cores together. (B”’) Delaunay triangulation from the cores
in (B”). (C) RIM image of a sealing zone stained for F-actin. Color codes for height using a rainbow scale. (C’)
Enlarged view of (C). (C”) Localization of actin cores (circles). (C”’) Delaunay triangulation from the cores in (C”).
(C””) Orthogonal projection along the line marked in (C). (D) Histogram of the core radii, as measured by SEM
(black) and RIM (grey) (457 cores). (E) Histogram of the average distances to direct neighbors measured as Delaunay
edges, as measured by SEM (black) and RIM (grey) (2781 cores). (F) Histogram of the average distances to first
neighbors, as measured by SEM (black) and RIM (grey) (457 cores for SEM and 2781 cores for RIM). Scale bars: 20
µm (A), 5 µm (B, C, C””), 1 µm (B’, B”, B”’, C’, C”).
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Figure 2.2.:

Comparison between epi-fluorescence and RIM super-resolution microscopy. (A) Widefield image of

the sealing zone already shown in Fig. 2.1C. (B) RIM image of the sealing zone shown in Fig. 2.1C. (C) Widefield
image of the sealing zone already shown in Fig. 2.3B. (D) RIM image of the sealing zone shown in Fig. 2.3B.

2.3.2. Local synchrony of sealing zone actin cores
We then used RIM to image living human osteoclasts degrading bone to address the dynamics of
podosome cores within the sealing zone.
Human osteoclasts transduced with GFP-tagged LifeAct lentiviruses and actively degrading bone
slices were observed by wide ﬁeld ﬂuorescence microscopy over 30 min. Subsequent deconvolution of
the images and color-coding for time using a rainbow scale revealed that podosome cores appeared
stable over at least 30 min (Fig. 2.3A-A”). Furthermore, analysis of kymographs delineating inner
parts of seemingly static regions of sealing zones revealed actin intensity oscillations during the entire
duration of the acquisitions.
To further characterize this dynamic process, small regions of the sealing zone were observed at
a higher spatial and temporal resolution with RIM. Similar to actin staining in ﬁxed cells, single
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actin cores within the sealing zone were observable (Fig. 2.3B), and appeared spatially stable over
the entire duration of the acquisition. Actin dynamics could be measured and appeared to correlate
between podosome neighbors (Fig. 2.3B’).To quantify to what extent podosome actin content varied
concomitantly between neighbors, 2840 cores distributed in 10 diﬀerent cells were localized, and
their associated actin intensity signal was extracted for further analysis. Preferential frequencies in
the signal-corresponding Fourier spectra were identiﬁed for each core, then pooled together. The
analysis of their statistic distribution revealed two large peaks, centered around the frequency values
0.01 Hz and 0.15 Hz, corresponding to actin oscillations of 100 s and 7 s periodicity, respectively. The
distance between every possible core pair was estimated and their respective signals were compared
using Pearson cross-correlation analysis. A high Pearson coeﬃcient corresponded to acute temporal
synchrony for the analyzed pair of actin signals. Highest Pearson coeﬃcient values were obtained for
cores within a 700 nm radius distance, where they were greater than 0.37 (corresponding to half of
the maximum value). They slowly decreased to approximately 0.10 at greater distances (Fig. 2.3C).
This result hinted at the existence of a spatial synchrony between neighbors within the sealing zone,
comparable to similar observations for podosomes in human macrophages (Proag et al., 2015).
In order to obtain a graphical representation of podosome synchrony, diﬀerential ﬁlms were assembled by subtracting 2 sequential time points, therefore representing local actin intensity gradients.
Orange stands for a positive gradient, i.e. local polymerization, and blue represents a negative
gradient, i.e. local depolymerization. Strikingly, polymerization and depolymerization regions appeared as clusters with slowly varying areas, containing a few actin cores (Fig. 2.3D-D””). Actin
polymerization and depolymerization processes thus appeared to be synchronous within restricted
groups of core clusters.

2.3.3. Sealing zone podosome cores are organised into islets surrounded
by adhesion complexes
Although no partitioning of podosome cores was evident solely on the basis of the actin staining, we
then reasoned that, since groups of podosome cores display local synchrony, the sealing zone could
show a speciﬁc organization of these cores. Spatial distributions of key structural components of
the sealing zone, namely cortactin, α-actinin1, ﬁlamin A and vinculin, were thus explored by RIM,
and we developed a quantitative image workﬂow to analyze the localization of these proteins with
respect to the actin cores.
Protein localizations were evaluated along 1.5 µm long and 100 nm wide lines, in longitudinal
and transverse directions relative to the local sealing zone orientation. Then, normalizing the actin
core width allowed for the localization of the target proteins with respect to the core domain.
Cortactin was localized within the core domain, as had been previously reported, and displayed a
wider distribution compared to the average core diameter (Fig. 2.4A,A’,A”,E). α-actinin1 mostly
colocalized with actin at the close periphery of the core, and appeared less present in the most central
part of the core (Fig. 2.4B,B’,B”,E). Filamin A was preferentially localized to the cloud domain, with
little staining in between cores in the inner part of the sealing zone (Fig. 2.4C,C’,C”,E). Vinculin

73

Chapter 2. Nanoscale architecture and dynamics of the sealing zone

Figure 2.3.:

Nanoscale analysis of the dynamics of the sealing zone with RIM technique. (A) Temporal projection

of deconvolution images of a sealing zone over 30 min, color-coded for time using a rainbow scale so that the structures
that remain at the same spot tend to appear whiter whereas short-lived or mobile podosomes remain colored. (A’)
Enlarged view of (A). (A”) Kymograph along the line marked in (A). (B) RIM image of a sealing zone stained for Factin with Lifeact-GFP. (B’) Measurements of Lifeact-GFP of podosome cores marked in (B). (C) Pearson coefficients
of actin intensity fluctuations of podosome pairs as a function of distance between pairs (2839 cores). (D) Image of
the rate of fluorescence change corresponding to the cell shown in (B). (D’) Kymograph along the line marked in (D).
(D”) Segmentation of the growing and decreasing clusters of actin cores. (D”’) Superimposition of the RIM image
with the segmented regions of coordinated actin clusters shown in (D”). Scale bars: 10 µm (A), 5 µm (A’-D’).
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was also localized to the cloud domain, but it was also found surrounding single actin cores (Fig.
2.4D,D’,D”,E). These observations greatly contrasted with the “double circle” distribution described
in earlier works (Lakkakorpi et al., 1993; Lakkakorpi et al., 1996).
In addition, two other colocalization methods were applied to the diﬀerent proteins to quantify
their proximity with actin cores. An object-based method was applied to the segmented images for
both actin and co-stained protein, based on the evaluation of Ripley’s K function at various distances from segmented actin cores. Until approximately 200 nm from the core, only α-actinin1- and
cortactin-associated curves display a rapid increase of coupling eﬃciency. Cortactin exhibits higher
coupling eﬃciency values compared to α-actinin1, which is in good agreement with the observation
of α-actinin staining surrounding actin cores rather than clear colocalization as with cortactin. From
300 nm from the core and further, ﬁlamin A and vinculin curves start increasing towards higher
coupling eﬃciency values. However, ﬁlamin A appears to be more prone to interact with actin than
vinculin (Fig. 2.4F).
Moreover, taking advantage of the accurate reconstruction of intensity densities of RIM, an
intensity-based method allowed for the quantiﬁcation of the correlation coeﬃcient between actin
ﬂuorescence signal and the co-stained protein signal. Pearson coeﬃcient quantiﬁes pixel coincidence,
and computes a correlation score of the intensity values in dual-channel images. Actin signal was
used as the reference signal for each protein, and a high Pearson score expresses a highest probability of spatial correlation between the two stainings. According to the previous results, cortactin
and α-actinin scored the highest values, with Pearson coeﬃcients of 0.93 ± 0.01 and 0.87 ± 0.03,
respectively. Filamin A and vinculin displayed wide distribution of Pearson’s coeﬃcient values, with
lesser average values of 0.82 ± 0.1 and 0.68 ± 0.08, respectively. (Fig. 2.4G).
These statistical analyses conﬁrmed and added to the previous observations of the in-plane distributions for the diﬀerent target proteins. Cortactin was clearly colocalized with actin cores, displaying
a larger range of localization than F-actin. Vinculin and ﬁlamin A appeared to be mostly excluded
from the core domain, and localized to the cloud domain, which was not restricted to two bands
ﬂanking the actin cores. Moreover, vinculin and ﬁlamin A appeared to encircle actin core clusters,
and might thus be involved in the dynamic segmentation of the sealing zone subunits. α-actinin1
localized nearer to the core than the latter cited proteins, even though it appeared to be less present
in the most central part of the core domain compared to cortactin.It has recently been proposed to
be part of ring and cap domains, in individual podosomes, hence situated both around podosome
cores and at the topmost part of cores (Van den Dries et al., 2019). To address the 3D organization
of osteoclast podosomes, a 3D super-resolution method called DONALD was used.
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Figure 2.4.:

Localization in the sealing zone of cortactin, α-actinin 1, filamin A and vinculin with RIM technique.

(A) Representative immunofluorescence images of sealing zones co-stained for F-actin (red) and cortactin (green). (A’)
Enlarged view of (A). (A”) Intensity profiles along the dotted lines marked in (A’). (B) Representative immunofluorescence images of sealing zones co-stained for F-actin (red) and α-actinin1 (green). (B’) Enlarged view of (B). (B”)
Intensity profiles along the dotted lines marked in (B’). (C) Representative immunofluorescence images of sealing
zones co-stained for F-actin (red) and filamin A (green). (C’) Enlarged view of (C). (C”) Intensity profiles along the
dotted lines marked in (C’). (D) Representative immunofluorescence images of sealing zones co-stained for F-actin
(red) and vinculin (green). (D’) Enlarged view of (D). (D”) Intensity profiles along the dotted lines marked in (D’).
(E) Normalized intensity profiles of F-actin, cortactin, α-actinin1, filamin A and vinculin (medians of 1080, 239, 265,
277, and 299 cores for each staining, respectively). (F) Efficiency of coupling with F-actin of cortactin, α-actinin1,
filamin A and vinculin. The curves result from a colocalization method based on the evaluation of Ripley’s K function.
(G) Pearson coefficient expressing the spatial correlation of cortactin-, α-actinin1-, filamin A- and vinculin-associated
signal intensity with actin signal intensity, respectively. Scale bars: 5 µm (A, B, C, D), 1 µm (A’, B’, C’, D’).
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2.3.4. Three-dimensional nanoscale organization of the podosome belt
DONALD is a single molecule localization method combining direct stochastic optical reconstruction
microscopy for the in-plane detection of proteins, and SAF analysis to gain access to the absolute
axial position of ﬂuorophores relative to the glass coverslip. This nanoscopy technique thus beneﬁts
from approximately 15 nm localization precision in the three dimensions (3D) (Bourg et al., 2015).
Samples were observed with this 3D super-resolution technique combining and the actin-associated
ﬂuorescence was acquired in wide ﬁeld microscopy conditions. The target proteins for this analysis
were the same as previously imaged with RIM technique, and in addition stainings of paxillin and
the C-terminal of talin (talin-C), the elevation of which was correlated with podosome protrusion
forces, were also performed.
Image analysis consisted in localizing the various target proteins with respect to the actin cores
composing the podosome belts. Around each core, a vicinity area was determined by a rectangle, 10
µm in length and 500 nm in width, the major axis of which either followed the local orientation of
the belt, or was perpendicular to it. This yielded in-plane and axial distributions for each protein,
as well as preferential axial variations depending on the distance to the actin cores (Fig. 2.5).
F-actin and cortactin displayed similar in-plane distributions, characterized by an accumulation
of proteins in the ﬁrst 250 nm surrounding the cores. F-actin mean height appeared to decrease
drastically with an increasing distance from the cores, especially towards the center of the cell,
where its mean height was only 49 nm (Fig. 2.6B”). In contrast, cortactin did not display this
trend, but kept at a rather constant height of approximately 164 nm (Fig. 2.6D”). α-actinin1
was preferentially localized in the vicinity of the actin cores, up to 500 nm in distance. Similarly to
cortactin, its height stayed approximately constant throughout the distance proﬁle, at approximately
126 nm (Fig. 2.6F”).
Vinculin, paxillin, talin and ﬁlamin A were mostly absent from the regions of dense actin staining,
similar to what had been observed for on bone slices for vinculin and ﬁlamin-A. Vinculin and paxillin
displayed rather similar in-plane distributions, with peaks on the external side of the podosome belt
at 350 nm and 510 nm, and on the internal side at 570 nm and 510 nm, respectively (measurements
not shown). In contrast, talin and ﬁlamin A displayed large ranges of preferential localization,
with ﬁrst peaks situated at 630 nm for both proteins on the external side, and at 610 nm and
710 nm towards the inner part of the cell, respectively. Talin-C and vinculin heights declined by
nearly 20 nm towards the inner part of the cell (Fig. 2.5E, F). This variation in height hinted at a
possible increasing tension of talin towards the actin cores, resembling the recent ﬁndings in human
macrophage podosomes (Bouissou et al., 2017). In contrast, paxillin and ﬁlamin A, which average
heights were 45 nm and 139 nm, respectively, exhibited almost no change in height when away from
the belt center (Fig. 2.6H”, J”).
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Figure 2.5.:

3D nanoscopy of vinculin and talin-C in the podosome belt of human osteoclasts. (A) Representative

dSTORM images of vinculin (purple) merged with the corresponding epifluorescence images of the F-actin cores
(ochre). (A’) Enlarged view of (A). (B) DONALD images corresponding to (A) where the height is represented in
false color (scale shown in (B’). (B’) Enlarged view of (B). (C) Representative dSTORM images of talin-C (purple)
merged with the corresponding epifluorescence images of the F-actin cores (ochre). (C’) Enlarged view of (C). (D)
DONALD images corresponding to (A) where the height is represented in false color (scale shown in (D’). (D’) Enlarged
view of (D). (E-F) Height profiles of the vinculin (E) and talin-C (F) with respect to the distance to the center of the
sealing zone. Scale bars: 5 µm (B, D), 1 µm (B’, D’).
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Figure 2.6.:

3D nanoscopy of F-actin, cortactin, α-actinin1, filamin A and paxillin in the podosome belt of human

osteoclasts. (A) Representative dSTORM images of F-actin (purple) merged with the corresponding epifluorescence
images of the F-actin cores (ochre). (B) DONALD images corresponding to (A) where the height is represented in false
color (scale shown in (B’). (B’) Enlarged view of (B). (B”) Height profiles of F-actin with respect to the distance to the
center of the sealing zone. (C) Representative dSTORM images of cortactin (purple) merged with the corresponding
epifluorescence images of the F-actin cores (ochre). (D) DONALD images corresponding to (A) where the height is
represented in false color (scale shown in (D’). (D’) Enlarged view of (D). (D”) Height profiles of cortactin with respect
to the distance to the center of the sealing zone. (E) Representative dSTORM images of α-actinin1 (purple) merged
with the corresponding epifluorescence images of the F-actin cores (ochre). (F) DONALD images corresponding to (A)
where the height is represented in false color (scale shown in (F’). (F’) Enlarged view of (F). (F”) Height profiles of αactinin1 with respect to the distance to the center of the sealing zone. (G) Representative dSTORM images of filamin
A (purple) merged with the corresponding epifluorescence images of the F-actin cores (ochre). (H) DONALD images
corresponding to (A) where the height is represented in false color (scale shown in (H). (H’) Enlarged view of (H). (H”)
Height profiles of filamin A with respect to the distance to the center of the sealing zone. (I) Representative dSTORM
images of paxillin (purple) merged with the corresponding epifluorescence images of the F-actin cores (ochre). (J)
DONALD images corresponding to (A) where the height is represented in false color (scale shown in (J’). (J’) Enlarged
view of (J). (J”) Height profiles of paxillin with respect to the distance to the center of the sealing zone. Scale bars:
5 µm (B, D, F, H, J), 1 µm (B’, D’, F’, H’, J’).
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2.4. Discussion
The diﬀerent results presented in this study allow for a more precise and detailed insight into the
inner organization of the sealing zone. We showed that actin cores were present within the sealing
zone of human osteoclasts, and their morphometric analysis both with SEM and RIM revealed that
the small subunits were within the submicron range from their direct neighbors. With time-lapse
imaging, we characterized the long-term spatial stability of actin cores during active resorption of
bone. Moreover, short-term signal correlation analysis yielded a synchronous behavior for cores
within nearly a micron range. Synchronous neighbors were apparently grouped within clusters of
various sizes, which seemed to correspond to islets surrounded by adhesion complexes formed by
vinculin and ﬁlamin A. Eventually, the 3D localization of major actin crosslinkers hinted at the
possible existence of tension within the actin cloud of the sealing zone. Overall these results allow
for a new model of the internal architecture and dynamics of the sealing zone (Fig. 2.7, Fig. A.4
and Fig. A.5).

Figure 2.7.:

Model of the organization of the sealing zone into islets. (A-A’) Osteoclast form an actin rich su-

perstructure called the sealing zone to confine bone degradation. (B-B’) Zooming inside the sealing zone reveals
the organization into islets of coordinated podosome cores. (A’-B’) Representation of orthogonal out-of-plane crosssections along the dashed line for the (A-B) schematics, respectively.

SEM observations of unroofed human osteoclasts revealed similar actin ﬁlament organization
within the sealing zone as previous ultrastructural studies on RAW 264.7 cells or rabbit osteoclasts.
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Single actin cores were clearly identiﬁed, surrounded by radial ﬁlaments oriented toward the ventral
membrane, and interconnected via actin cables roughly parallel to the membrane (Luxenburg et al.,
2007; Akisaka et al., 2016; Akisaka et al., 2019). The geometric characteristics of this complex
network were assessed to yield the mean core size, and the inter-core distance distribution. It was
found that actin cores were approximately 200 nm in diameter, which coincides with the results from
previous studies (Luxenburg et al., 2007; Anderegg et al., 2011; Akisaka et al., 2019). However, the
mean inter-core distances were larger than that proposed in previous studies: 210 ± 50 nm on bone
and 442 ± 126 nm on vitronectin (Luxenburg et al., 2007; Anderegg et al., 2011). Indeed, Delaunay’s
tessellation results led to a mean distance between neighbors of 705 nm, and decreased to 443 nm
when considering only the ﬁrst neighbor. This discrepancy might be due to the diﬀerence in cell
models, as previous results were extracted from observations in RAW 264.7 macrophage cell line,
induced to diﬀerentiate into osteoclasts, and not in primary osteoclasts.
This study proposed for the ﬁrst time to visualize the submicron sealing zone organization with
a super-resolved microscopy technique compatible with imaging cells on bone. The RIM technique
has been characterized in various complex and dynamic biological contexts, such as mitosis, 3D cell
migration and cell diﬀerentiation in thick tissues. This approach takes advantage of random punctate excitation patterns to gain access to object information otherwise inaccessible with wideﬁeld
microscopy. A dedicated reconstruction scheme has been developed accordingly, which allows for
a higher rendering of the dynamic range of the ﬂuorescence density. Hence, processed images are
less prone to reconstruction artefacts, and display a spatial resolution of approximately 100 nm.
Furthermore, compared to STED, it requires much lesser laser power to achieve the same range of
resolution, which further makes it a powerful tool to acquire time-lapse movies over long periods of
time. With this novel technique, single actin cores within the sealing zone of human osteoclasts were
localized for the ﬁrst time via ﬂuorescence staining. This allowed for their geometric characterization
following the same algorithm as for SEM observations. This comparison between the two imaging
methods resulted in similar data: 194 nm for the mean diameter of cores, 694 nm and 399 nm as
inter-core distances considering all neighbors or only the ﬁrst neighbor, respectively. This successful comparison conﬁrmed the eﬃciency of the RIM technique as a tool to decipher the nanoscale
organization of the sealing zone.
As RIM also beneﬁts from low toxicity and high temporal resolution, it was applied to image actin
dynamics within the sealing zone of resorbing human osteoclasts on bone. Preliminary deconvoluted
movies had revealed the apparent spatial stability of actin cores for long time periods. Hence, the
local oscillations associated with actin remodeling within the cores were characterized for the ﬁrst
time. Actin signal processing yielded a time periodicity for these oscillations of approximately 100
seconds. Furthermore, cross-correlation analysis between signals associated with two cores in the
same cell brought to light the existence of a, partial, spatial synchrony between neighbors up to
an approximate 2 µm distance scale. This distance coincides with the mean neighbor-to-neighbor
distance computed based on SEM and RIM observations. Therefore, this interesting ﬁnding might
hint at a functional role for the interconnecting actin cables, as has been previously suggested from
similar observations in human macrophage podosomes (Labernadie et al., 2014; Proag et al., 2015).
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It would thus be most interesting to explore the eﬀects of drugs interfering with actin polymerization
on both the periodicity and the spatial synchrony properties of the sealing zone. To investigate the
role of the interconnected actin cables, actin core dynamics could be characterized after inhibition of
myosin II activity with blebbistatin. Indeed, its inhibition in human macrophages induced a decrease
in protrusion forces associated with actin oscillatory behavior in individual podosomes (Labernadie
et al., 2014).
As the deconvoluted videos showed, actin cores acted as stable actin remodeling foci for nearly
30 minutes. This observation hinted at the preservation of a stable core network throughout the
resorption process. Consequently, time-lapse acquisitions with the RIM technique over long periods
of time might help in assessing whether the spatial synchrony is a transient event or if it is maintained
for several minutes. What is more, evaluation of the actin ﬂux within the sealing zone revealed that
clusters of a few cores seemed to share the same actin polymerization/depolymerization rates within
well-delimited areas. Simultaneous visualization of the localization of an adhesion plaque protein
would greatly help in understanding the internal organization of the sealing zone. Notably, paxillin
has been shown to display an oscillatory behavior in the ring domain surrounding human macrophage
podosomes, and its variations correlated with actin intensity oscillations (Proag et al., 2016).
The in-plane localization of vinculin, paxillin, talin, cortactin, ﬁlamin A and α-actinin1 was assessed thanks to RIM technique in sealing zones of unroofed human osteoclasts plated on bone slices.
In contrast to previous observations, vinculin, paxillin, talin and ﬁlamin A were not distributed in
a double band domain ﬂanking either side of the sealing zone (Lakkakorpi et al., 1993; Babb et al.,
1997; Pfaﬀ et al., 2001; Lakkakorpi et al., 2001; Gil-Henn et al., 2007). The high-resolution imaging
rather revealed that the four proteins were present within the superstructure, where they appeared
to encircle clusters composed of a few actin cores. In contrast, α-actinin1 was mostly located in
a small ring around single actin cores, which might explain its ambiguous localization in previous
studies (Babb et al., 1997; Pfaﬀ et al., 2001; McMichael et al., 2008). According to anterior observation, cortactin greatly colocalized with actin cores in the sealing zone (Ochoa et al., 2000; Pfaﬀ
et al., 2001; Tehrani et al., 2006; Chabadel et al., 2007; Ma et al., 2010). Interestingly, cortactin
distribution was seemingly found wider than the typical core diameter. This could be explained via
its close association with the Arp2/3 complex, which has recently been located along ﬁlaments in
the vicinity of actin cores by high-resolution SEM imaging (Akisaka et al., 2019). To further the
presently reported results, it would be most beneﬁcial to combine high-resolution RIM observations
with SEM acquisitions to be able to precisely place proteins relative to the three diﬀerent actin
ﬁlament populations. This would consist in an eﬃcient approach to decipher the 3D localization of
proteins in the sealing zone.
Precisely, the 3D distribution of the same proteins was carried out in the podosome belts of
human osteoclasts on glass. Acquisitions were performed with the DONALD imaging technique,
which combines dSTORM and SAF analysis for the eﬃcient 3D detection of single ﬂuorophores
with a precision of 15 nm (Bourg et al., 2015). This 3D nanoscopy technique has recently been
applied in the context of human macrophage podosomes. It allowed for the identiﬁcation of a close
relationship between paxillin, vinculin and talin, and its requirement for eﬃcient protrusion force
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generation (Bouissou et al., 2017). Likewise, vinculin, paxillin and talin-C were localized in the close
vicinity of the ventral membrane of osteoclasts. Moreover, vinculin and talin-C also appeared to
rise when situated closer to the actin cores. This interesting ﬁnding could be the ﬁrst insight into
the identiﬁcation of possible tension within the podosome belt. In contrast, cortactin, ﬁlamin A and
α-actinin1 were located preferentially to the topmost part of the podosome belt. For cortactin, this
result is contradictory to what had been previously observed with confocal z-scanning in previous
studies (Pfaﬀ et al., 2001; Hurst et al., 2004). Moreover, α-actinin1 has recently been proposed as
one of the component of the cap domain in podosomes (Van den Dries et al., 2019). Hence, it could
also be the case in the context of podosome belts. To try and ascertain this hypothesis, valuable
information could be extracted from applying the novel version of the DONALD module. This
improved version combines SAF analysis and point-spread function engineering to allow for precise
axial localization over a greater depth range in samples (Cabriel et al., 2019).
This study consists in the ﬁrst extensive and quantitative study of the nanoscale organization
and dynamics of the sealing zone in human osteoclasts. It provided the geometric characterization
of the actin core network within this functional superstructure. It also allowed identiﬁcation of
dynamic processes related to actin cores during active bone resorption. Eventually, it proposed
precise localization of six major actin-binding proteins associated with the sealing zone: vinculin,
paxillin, talin, cortactin, ﬁlamin A and α-actinin1. Their colocalization with actin was studied
in the context of the sealing zone, while their 3D distribution was quantiﬁed in podosome belts.
Furthermore, it aimed at paving the way for future studies to decipher both the ultrastructural and
dynamic properties of osteoclasts.

2.5. Materials and methods
2.5.1. Differentiation and culture of primary monocyte-derived
osteoclasts
Human monocytes were isolated from blood of healthy donors as previously described (Van Goethem
et al., 2010). Cells were re-suspended in cold PBS supplemented with 2 mM EDTA, 0.5% heatinactivated foetal calf serum (FCS) at pH 7.4 and magnetically sorted with using magnetic microbeads coated with antibodies directed against CD14 (Miltenyi Biotec). Monocytes were then
seeded on plastic at 2x106 cells/well in six-well plates in RPMI 1640 (Invitrogen) without FCS.
After 2 h at 37◦ C in humidiﬁed 5% CO2 atmosphere, the medium was replaced by RPMI containing
10% FCS, 100 ng/mL of macrophage colony-stimulating factor (M-CSF, Peprotech) and 60 ng/mL
of human receptor activator of NF-κB-ligand (RANK-L, Miltenyi Biotec). The medium was then
changed every third day by RPMI containing 10% FCS, 100 ng/mL of RANK-L and 25 ng/mL of
M-CSF. For experiments, cells were harvested at day 10 using Accutase solution (Sigma-Aldrich) and
centrifugation (1100 rpm, 10 min), and were then plated either on clean 1.5H precision glass coverslips (Marienfeld 0117640) or on bovine bone slices (Immuno Diagnostic Systems DT-1BON1000-96).
Cells were left to adhere in cytokine-supplemented medium for 3 days before ﬁxation.
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2.5.2. Cleaning of precision glass coverslips
Before letting cells adhere on them, 1.5H precision glass coverslips (Marienfeld) were cleaned as
follows: they were placed on staining racks (Thermo Scientiﬁc 12627706) and immersed in a RBS
35 solution (Carl Roth 9238, 1/500 diluted in milliQ water) heated up to 80◦ C while stirred with a
magnetic bar. After 15 min, coverslips were rinsed three times with milliQ water and patted dry.
They were put in a dry oven set at 175◦ C for 120 min to sterilize. These clean coverslips were used
within two weeks after RBS treatment.

2.5.3. Primary antibodies
The following antibodies were used: goat anti-talin C-20 (Santa Cruz sc-7534, IF 1/50), mouse
anti-vinculin clone hvin-1 (Sigma-Aldrich V9131, IF 1/50), mouse anti-paxillin (BD Biosciences
61005, IF 1/50), mouse anti-cortactin clone 4F11 (p80/85) (Sigma-Aldrich 05-180, IF 1/50), mouse
anti-ﬁlamin A clone PM6/317 (Sigma-Aldrich MAB1678, IF 1/50), and mouse anti-α-actinin1 clone
BM-75.2 (Sigma-Aldrich A5044, IF 1/50).

2.5.4. Immunofluorescence
Osteoclasts plated on glass coverslips and bone slices for 3 days were ﬁxed for 10 min in a 3.7%
(wt/vol) paraformaldehyde (Sigma Aldrich 158127) solution containing 0.25% glutaraldehyde (Electron Microscopy Sciences 16220) in Phosphate Buﬀer Saline (PBS) (Fisher Scientiﬁc) at room temperature. When indicated, before ﬁxation, cells were mechanically unroofed at 37◦ C using distilled
water containing cOmpleteT M protease inhibitors (Roche) and 10 µg/mL phalloidin (Sigma-Aldrich
P2141) at 37◦ C: cells were left still in this solution for 10 s, then a ﬂow was created by ﬂushing a
dozen times so that cell dorsal membranes were ripped oﬀ. After ﬁxation, quenching of free aldehyde groups was performed by treatment with PBS/50 mM ammonium chloride and PBS/1 mg/mL
sodium borohydride. Non-unroofed cells were permeabilized for 10 min with PBS/0.3% Triton and
all cells were blocked with PBS/1% BSA for 30 min. Samples were incubated with the primary antibodies for 90 min and then during 60 min with ﬂuorescent dye conjugated-phalloidin and secondary
antibodies for F-actin and proteins, respectively.

2.5.5. Scanning Electron Microscopy imaging
Osteoclasts plated on bone slices for 3 days were unroofed as described above and ﬁxed for 10 min
in a 0.2M sodium cacodylate buﬀer (pH 7.4) containing 2% paraformaldehyde (Electron Microscopy
Sciences 15710) and 2.5% glutaraldehyde (Electron Microscopy Sciences 16220), then washed with
distilled water. The samples were then prepared for observation following the protocol: they were
dehydrated through a graded series (25–100%) of ethanol, transferred in acetone and subjected to
critical point drying with CO2 in a Leica EM CPD300, then sputter-coated with 3 nm platinum
with a Leica EM MED020 evaporator, and were examined and photographed with an FEI Quanta
FEG250.
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2.5.6. Analysis of SEM images
Actin cores were manually encircled using ImageJ oval selection tool, then the area and its center
coordinates of these selected regions were extracted. A dedicated Python script was written to extract
statistical information. The inter-core distances were computed using Delaunay tessellation on each
image, using SciPy spatial algorithm “Delaunay” in order to create the interconnection matrix, then
the distance between each pair of connected vertices was computed and stored in a matrix. In
order to avoid plausible errors, the edges of the Delaunay tessellated space were excluded of the
distance computations. To identify them, the SciPy spatial algorithm “ConvexHull” was applied
to the coordinates, and whenever two points were identiﬁed as pertaining to the convex envelope,
the distance between them was not computed. Finally, for each vertex the minimum distance to all
neighbors was kept for the nearest neighbor analysis.

2.5.7. RIM 2D super-resolution imaging
For live imaging, osteoclasts were transduced with GFP-tagged LifeAct lentivirus 3 days before
being harvested and plated on bovine bone slices, and were observed the day after being plated on
bone slices. Bone slices were placed on a FluoroDish (WPI FD35-100) with cells facing down and
immersed with RPMI without phenol red, supplemented with 10% FCS (Thermo Fisher 32404-014).
During observations, samples were maintained at 37◦ C in humidiﬁed 5% CO2 atmosphere. Images
were acquired every 12 ms for a total of 211 seconds (streams) using an inverted microscope (TEi
Nikon). A ﬁber laser combiner with 4 fast diode lasers (Oxxius) with respective wavelengths 405
nm (LBX-405-180-CSB,) 454 nm (LBX-445-100-CSB), 488 nm (LBX-488-200-CSB), and 561 nm
(LMX-561L-200-COL) are used to excite ﬂuorophores. A corrected ﬁber collimator (RGBV Fiber
Collimators 60FC Sukhamburg) is used to produce collimated TEM00 2.2 mm diameter output
beam for all wavelengths. The polarization beam is rotated with an angle of 5 degrees before hitting
a X4 Beam Expander beam (GBE04-A) and produces 8.8 mm beam TEM00 beam.A fast spatial
light phase binary modulator (QXGA fourth dimensions) is conjugated to the image plane to make
speckle random illumination. The objective lens used in experiments is a 100x magniﬁcation with
1.49 numerical aperture (CFI SR APO 100XH ON 1.49 DT 0;12 NIKON). A band pass ﬁlter was
used for Green Fluorescence Protein (GFP) emission (Semrock FF01-514/30-25). A motorized high
speed wheel ﬁlter is used to sequentially turn the two band pass ﬁlters in 30 ms after each 200 speckle
fames. A piezoelectric Z stage (Z INZERT PIEZOCONCEPT) is used for fast z stack acquisition.
For triggering, the camera sCMOS is used as master, and a rolling shutter output is used to trigger
binary phase sequence to the SLM. The SLM output triggers the laser when binary phase mask is
stable. A script from micromanager software was written to select the number of speckles used, the
temporal resolution for each frame, the depth of z stack, the step of each z stack and the number
of colors used for the acquisition. For stream recording, speckle frames were acquired continuously
over the whole duration of the movie. Wideﬁeld time-lapse acquisitions were also carried out with
the same microscope, but using a 60x objective (CFI PLAN APO LBDA 60XH 1.4/0.13 NIKON).
Images were captured every 2 seconds, and were were restored wih Huygens Software (classical
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maximum likelihood estimation with 30 iterations and theoretical PSF).
For imaging of ﬁxed samples, osteoclasts were unroofed and ﬁxed as described above and stained
for vinculin, cortactin, ﬁlamin A, or α-actinin1 with the corresponding primary antibody and an
Alexa Fluor 488-coupled secondary antibody (Cell Signaling Technology 4408, 1/500) or an Alexa
Fluor 546-coupled secondary antibody (Molecular Probes A11056, 1/500). Actin cores were labelled
with Texas Red-phalloidin (Molecular Probes T7471, 1/200) or Alexa Fluor 488-phalloidin (Molecular Probes A12379, 1/200) respectively. Bone slices were placed in a FluoroDish, upside down on a
droplet of Vectashield mounting medium (Vector Laboratories H-1000). Samples were excited with
488 nm and 561 nm laser diodes with the same setup as for time-lapse imaging. 200 speckle images
for each channel were acquired sequentially to yield z stacks of various depths.

2.5.8. Analysis of RIM images of fixed samples
Reconstruction of raw images was carried out as described in Mangeat et al., in preparation.
Brieﬂy,Brieﬂy, the method is based on decreasing the computational cost of the inversion method
described in Idier et al., 2017. This new method uses a variance matching process, instead of the
marginal minimization methods based on the full covariance matrix of the data (Mangeat et al.,
in preparation). The only input for the super-resolution reconstruction process is the knowledge of
spatial statistics of speckle patterns limited by the OTF of the imaging system (Fourier transform of
the PSF). Contrary to SIM, the exact knowledge of the illumination function is not necessary, and
the protocol of the reconstruction is therefore drastically reduced. The inversion code is implemented
on Matlab. The input are the excitation and collection PSF, generated with Gibson and Lanny 3D
optical model implemented in the plugin PSF generator (Kirshner et al., 2013). The PSF dimension
is equal to the ﬁnal size reconstruction with a pixel size equal to 32.25 nm for 100x magniﬁcation.
The position of the ﬂuorophores is deﬁned from the cover slide in each sample. The number of iterations during the variance matching process is deﬁned by the user, mainly depending on the signal
to noise ratio of the raw data.
Drift correction was performed on z-stacks with ImageJ plugin Linear Stack Alignment with SIFT.
To create images on which to perform further analyses, 3 to 5 z slices per acquisition stack were
selected on their sharpness, depending on the quality of the original signal, and summed with ImageJ
Z Project tool.
In order to characterize the actin network, actin cores were detected as local maxima using ImageJ
Find Maxima tool with the threshold set as half of background intensity. The coordinates of these
maxima were weighted considering all pixel intensity in a 200 nm radius, and exported in a text ﬁle.
These points were positioned both on RIM reconstructed image and on its spatial derivative version
created thanks to ImageJ Find Edges tool. From these locations, 8 radius proﬁle were traced with
length 1000 nm and width 100 nm on both images, and intensity values along this line were extracted
and stored in a text ﬁle. A dedicated Python script was then written to extract statistical data.
Core radii were computed by detecting the ﬁrst intensity maximum along the Find Edges proﬁle.
Inter-core distances were computed thanks to weighted coordinates following the same Delaunay
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algorithm already described in the SEM analysis section (see Fig. A.1).
For the analysis of two-color acquisitions, actin cores were detected following the same procedure
as described for the analysis of the actin network. Then, both signals were extracted along 1.5 µm
long and 100 nm wide lines drawn so that each core coordinates were placed at the middle of the
line, and its orientation either followed the local curvature of the sealing zone, or was transverse.
This process was repeated on the reconstructed actin image, the actin image after spatial derivation
with ImageJ Find Edges tool and the protein image. All data were extracted and stored in a text
ﬁle to be read by a dedicated Python script. This script computed the median core size for all data
thanks to Find Edges signals, in order to establish a normalized proﬁle length. Then, both actinand protein-associated signals were interpolated along this new axis to yield comparable intensity
proﬁles. Median proﬁles were eventually computed (see Fig. A.2).
Colocalization studies were carried out with two diﬀerent methods, either intensity- or objectbased. The ﬁrst method is a pixel-based method, where a correlation coeﬃcient, here Pearson
coeﬃcient, is computed by comparing the two channel-associated spatial signal. The expression
I1¯I2 −I¯1 I¯2
where the bar stands for the mean and σ(I1/2 ) is the
of the Pearson coeﬃcient is R = σ(I
1 )σ(I2 )
standard deviation of pixel intensities for each channel. Conceptually, Pearson coeﬃcient measures
the part of the measured variations in one channel that can be explained by variations in the other
channel, and it ranges between -1 and 1. The extreme values -1 and 1 indicate respectively perfect
anti-correlation and correlation, whereas R = 0 means that channels are not correlated. It is a
very popular method if the estimation of the ﬂuorescence intensity after restauration is rigorous.
Furthermore, Pearson cross-correlation does not require any decision rule.
For the satistical object-based method, the objects were ﬁrst segmented with a wavelet adaptive
threshold and were then represented as points through coordinates of their mass center in the delimited region of interest (Olivo-Marin, 2002). The test statistic chosen to analyze the relations between
the spatial distributions of the two populations was Ripley’s K function. The evaluation of Ripley’s
K function values for various distance parameter values allowed for computing the coupling eﬃciency
between the two channel-associated populations. The coupling eﬃciency combines the probability
that a (green) object located at position x is coupled with a (red) object located at y and the number
of coupled objects in each population. Its mathematical formalism is deﬁned in the work of Lagache
and coworkers (Lagache et al., 2018).

2.5.9. Analysis of RIM live acquisitions
Reconstruction of raw images was carried out as described previously. To combine robust statistical
estimation of object and temporal resolution, an interleaved reconstruction method has been made
as previously proposed for SIM (Ma et al., 2018). 800 speckles were grouped to reconstruct one
time slice, and the time step between two images corresponds to 200 speckles. Drift correction
was performed on stacks with ImageJ plugin Linear Stack Alignment with SIFT, with the same
parameters as for ﬁxed samples. Actin intensity levels were normalized throughout the stack by
using ImageJ Bleach Correction tool, with the correction method set to histogram matching.
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To detect the single actin cores, all the time slices were summed with ImageJ Z project tool and
the coordinates were extracted according to the same procedure as for ﬁxed samples. The dynamic
characteristics of actin were assessed by extracting the time-dependent signals in a circular selection
or radius 100 nm around each core, and storing them in a text ﬁle. A dedicated Python script
was developed to compute the distance between all core pairs in the same cell from, the Fourier
spectrum associated with each signal and the Pearson cross-correlation between two signals in the
same cell. Natural frequencies were identiﬁed as the frequencies associated with Fourier coeﬃcients
greater than a threshold value proportional to the median value for Fourier coeﬃcients over the
spectrum. Pearson coeﬃcients were eventually sorted according to the distance between the core
pair coordinates.

2.5.10. DONALD 3D super-resolution imaging
Osteoclasts plated on glass coverslips of accurate thickness (0.170 mm ± 0.005 mm, Marienfeld
0117640) were unroofed and ﬁxed as described above. Vinculin, paxillin, talin, cortactin, ﬁlamin
A or α-actinin1 were stained with the corresponding primary antibody and an Alexa Fluor 647coupled secondary antibody (Molecular Probes A21237, 1/1000) for dSTORM and podosome cores
were labelled with Alexa Fluor 488-phalloidin (Molecular Probes A12379, 1/500) for epiﬂuorescence.
dSTORM imaging of F-actin was performed on samples stained in situ by diluting Alexa Fluor 647coupled phalloidin (Molecular Probes, A22287, 1/100) directly in the microscopy buﬀer (Smart-kit
buﬀer, Abbelight, France). All dSTORM experiments were performed with the Smart-kit buﬀer
(Abbelight, France).
3D super-localization images were acquired using an inverted IX83 microscope (Olympus) combined with SAFe module (Abbelight, France), and a TIRF module (Abbelight, France). Samples
were excited with 405 nm (200mW, ERROL Laser), 488 nm (150 mW, ERROL Laser), and 640
nm (400mW, ERROL Laser) lasers in a HILO illumination (Highly Inclined and Laminated Optical
sheet), and controlled via NEO Software (Abbelight, France). GFP / Alexa 532 / mCherry / Alexa
647 ﬂuorescence ﬁlters (Semrock, LF-405/488/532/635-B-OFF) were used, and the objective was a
100x/1.49 N.A oil immersion objective (Olympus). All images were acquired using a sCMOS ORCA
FLASH4.0 v3 (100 fps, cable camera link, Hamamatsu) camera, split on two regions of 300x300
pixels area and positioned on the focal plane of the SAFe module (2.7x magniﬁcation, optical pixel
size of 108 nm). The two imaging paths are calibrated in terms of transmission eﬃciency to deﬁne
a permanent correction factor that compensates the imperfect beam splitter. Images were collected
once the density of ﬂuorescent dye was suﬃcient (typically, under 1 molecule.µm−2 ). About 5000
frames were recorded to compute one image of protein, and 500000 frames were acquired to obtain
one image of actin. For all recorded images, the integration time was set to 50 ms and the EMCCD
gain to 150. Laser power was adapted depending on the ﬂuorophore density.

88

Chapter 2. Nanoscale architecture and dynamics of the sealing zone

2.5.11. Analysis of DONALD 3D super-resolution images
The super-localization of molecules and drift correction were performed on raw images via NEO
Software (Abbelight, France) to achieve a ﬁnal pixel size of 15 nm. Images were grouped in batches
accounting for 5% of the total frames, and were submitted to drift correction by comparison batch
per batch and according to a sliding window. Eventually, z correction was performed thanks to a
dedicated Python script, to account for the calibration value of the SAFe module.
The spatial organization of proteins within the sealing zone like was characterized following an
adapted version of the algorithm described previously (Bouissou et al., 2017). Brieﬂy, actin cores inplane coordinates (xcore ,ycore ) were determined from actin epiﬂuorescence images from the 488 nm
channel after Gaussian-ﬁltering. The angle between the podosome belt portion and the horizontal
was measured by the user. Then, centered on each core, a rectangle bounding box of length 10 µm
and width 200 nm was drawn and the 3D coordinates (xi , yi , zi ) of the molecules inside this box
were converted to a local r-z space (ri , zi ). This operation was repeated twice for each core: once
along the structure direction, and once in the transversal direction. This analysis was performed for
all cores of a given cell.
To further the analysis of the spatial organization of molecules within the podosome belt, a
dedicated Python script was written to extract statistical information. Each cross-section direction
for each cell was treated independently, except for distributions along r-axis and along z-axis for
which all molecules detected for all cells were considered. Points were sorted in classes of varying
lengths, depending on their distance to the corresponding actin core and whether they were located
towards the exterior or the internal part of the cell. For each r-class, median height of the distribution
was estimated cell by cell. Also, the symmetry between internal and external distribution of proteins
in terms of quantity was assessed by comparing the total amount of molecules on the exterior side
to the total amount of points on the interior side, normalized by the total amount of points detected
for each cell considered (see Fig. A.3).

2.5.12. Statistical analysis
All box-and-whisker plots show the median, lower and upper quartiles (box) and the 10th and 90th
percentiles (whiskers).
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mechanical properties and
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super-resolution microscopy
This chapter describes the methodologies developed in order to design substrates for the characterization of podosome mechanical properties and topography-sensing with super-resolution microscopy.
The first section is assembled from the preliminary exploration for designing new substrates to research cell mechanics at the nanoscale, carried out in parallel with the work presented in the previous
chapter. The second section has been adapted from the report written by Lucie Albert, an intern supervised during this PhD work, who has focused on designing culture coverslips to assess the topography
sensing properties of human macrophage podosomes.
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3.1. Introduction
Given the diversity of tissues found in the human body, it is clear that cell-matrix interactions display
complex and versatile physical and chemical factors. In particular, the extracellular matrix (ECM)
provides numerous speciﬁc local cell environments and is involved in multiple functions at the cell
and tissue scales (Rozario et al., 2010). It provides:
• a substrate for cell adhesion, aﬀecting physico-chemical cues for fundamental cell processes
such as migration, survival, diﬀerentiation or morphogenesis;
• a mechanical support facilitating tissue cohesion and barriers between tissue compartments;
• a spatial control of diverse cell functions through conﬁnement of growth factors or other
secreted molecules, notably during inﬂammatory events.
Cell interactions with their environment regulate an extensive number of cellular processes. Within
these interplays, cell adhesion mechanisms provide a paramount platform for the perception of ECM
physical and chemical parameters (Fig. 3.1).

3.1.1. Mechanical sensing of ECM
The stiﬀness of the ECM plays an instrumental role in regulating cell proliferation, signaling and
diﬀerentiation. It has been reported that substrates of diﬀerent Young’s moduli can regulate the differentiation of murine bone marrow-derived endothelial progenitor cells toward a speciﬁc endothelial
cell phenotype. Speciﬁcally, very stiﬀ substrates (10:1 PDMS, Young’s modulus value of approximately 2 MPa) upregulated an arterial phenotype, while softer substrates (40:1 PDMS, Young’s
modulus value of approximately 5 kPa) encouraged a venous phenotype (Xue et al., 2017). Diﬀerent
endothelial subtypes plated on ﬁbronectin or collagen- coated polyacrylamide gels have been shown
to proliferate more when placed on a stiﬀer substrate, and their migration trends were speciﬁc to
endothelial subtype (Wood et al., 2011).
A pioneering set of experiments conducted on ﬁbroblasts grown on protein-laminated polyacrylamide gels showed that the spreading area, traction force, speed of migration and size and dynamics
of focal adhesions are regulated by the mechanical rigidity of the cell substrates (Pelham et al., 1997;
Pelham Jr et al., 1998; Pelham Jr et al., 1999). Similar alterations in adhesion size and density
according to substrate stiﬀness have been reported in human macrophages. What is more, delocalization of vinculin from podosomes was observed when the substrate stiﬀness decreased (Labernadie
et al., 2014).
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Figure 3.1.: Cell responses to physical cues that are transduced through the mechanical properties,
the architecture of ﬁbrous structural proteins and receptor-binding peptides contained within the
native ECM. Adapted from Crosby et al., 2019
Recently, it has become evident that studying only the eﬀect of the elastic modulus does not capture the complex mechanical signaling that may be imparted by biomaterials (Zhao, 2014; Goetzke
et al., 2018). As cells migrate through a biological matrix, they attach to the ECM via various
adhesion structures and exert forces on the ECM components. Yet, the apparent matrix stiﬀness
rapidly ﬂuctuates during the remodeling process of the surrounding ECM as these exerted forces
are dissipated. This temporal dependence of matrix mechanical properties demonstrates viscoelastic
behavior. The impact of matrix viscoelasticity on encapsulated cells is relatively unexplored and
has been limited to the study of human mesenchymal stromal cells or murine myoblasts, for now.
Furthermore, distinguishing the eﬀect of matrix viscoelasticity from the sole eﬀect of matrix elastic
properties on cell behavior is a signiﬁcant challenge. On the one hand, many synthetic engineered
matrices are crosslinked with covalent bonds, which creates materials with nearly pure elastic behavior. On the other hand, if the synthetic materials display viscoelastic properties, they are invariably
coupled to the bulk elastic modulus of the material. In contrast, most common ECM-derived proteins
currently used in tissue engineering already demonstrate optimized viscoelastic properties (Nam et
al., 2016).
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3.1.2. Probing ECM geometric characteristics
ECM-mimicking biomaterials primarily consist of an aggregation of ﬁbrous, bioactive polymers.
Generally, increasing the polymer concentration or density will enhance the structural integrity of
the material. The synthetic ﬁbrils can be assembled in various polymerization states with diﬀerent
crosslinking ratios, eventually yielding a wide range of 3D-microenvironments with speciﬁc geometric characteristics. However, these modiﬁcations of the 3D cell environment aﬀect cell migration.
Indeed, it has been reported that human macrophages use either the amoeboid migration mode in
ﬁbrillar collagen I or the mesenchymal migration mode in Matrigel and gelled collagen I, whereas
HT1080 tumor cells only perform mesenchymal migration (Van Goethem et al., 2010). Furthermore,
macrophages inﬁltrating matrices of similar composition but with variable elastic modulus adapt
their migration mode primarily to the matrix architecture.
When synthetic matrices become denser, their pore size subsequently decreases. However, smaller
pore sizes lengthen the diﬀusion time and limit the penetration depth of growth factors. Experimental
and computational studies have further illuminated the details of this mechanism. For example,
an application of the Stokes–Einstein and Wilke–Chang relations to a ﬁbrin model of sprouting
angiogenesis conﬁrmed that the diﬀusive transport of pro-angiogenic factors is limited in high ECM
density hydrogels (Ghajar et al., 2008; Shamloo et al., 2010; Shamloo et al., 2016).
It is also hypothesized that the existence of an optimal matrix density is closely linked to the
alignment of the matrix ﬁbers i.e. the anisotropy parameters of the ﬁbrillary organization. As
matrix density increases, the ﬁbers are less likely to be randomly arranged i.e. shifting towards an
isotropic arrangement. The hypothesis that local anisotropic disturbance impacts local branching
has been explored in a computational model of sprouting angiogenesis. Upon increase of the matrix
density, the bulk ﬁbers became homogeneous and thereby deprived the cells of crucial physical
branching cues (Bauer et al., 2009). Hence local topography sensing is essential in stimulating cell
functions.

3.1.3. ECM proteins interactions with associated integrins
The ECM is composed of two main classes of macromolecules: proteoglycans (PGs) and ﬁbrous proteins (Järveläinen et al., 2009; Schaefer et al., 2010). The main ﬁbrous ECM proteins are collagens,
elastins, ﬁbronectins and laminins (Alberts et al., 2007). Collagen is the most abundant ﬁbrous
protein within the interstitial ECM and constitutes up to 30% of the total protein mass of a multicellular animal. Collagens, which constitute the main structural element of the ECM, provide tensile
strength, regulate cell adhesion, support chemotaxis and migration, and direct tissue development
(Rozario et al., 2010). In addition, it associates with elastin, another major ECM ﬁber. Elastin
ﬁbers provide recoil to tissues that undergo repeated stretch (Wise et al., 2009). A third ﬁbrous
protein, ﬁbronectin (FN) is intimately involved in directing the organization of the interstitial ECM
and, additionally, has a crucial role in mediating cell attachment and function. Fibronectin can be
stretched several times over its resting length by cellular traction forces. Such force-dependent unfolding of ﬁbronectin exposes cryptic integrin-binding sites within the molecule that result in changes
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in cellular behavior (Smith et al., 2007).
Integrins are membrane-bound heterodimers that serve as the critical bridge between the ECM
and the cytoplasm (Humphries, 2000; Hynes, 2002; Hynes, 2009). As such, integrins are vital for
cell-to-matrix and cell-to-cell adhesion. A characteristic feature of most integrin receptors is their
ability to bind a wide variety of ligands, which constitute microenvironment major components.
Moreover, many ECM and cell surface adhesion proteins bind to multiple integrin receptors. The
geometrical organization and concentration of Arg-Gly-Asp peptide (RGD) - a three amino-acid chain
derived from ﬁbronectins and laminins - are critical in regulating endothelial cell morphogenesis.
Intermediate concentrations of RGD promoted tubulogenesis, while higher concentrations of the
peptide inhibited endothelial vascular assembly (Moon et al., 2008). Linear RGDs (targeting β3
integrins) immobilized in polyethylene glycol (PEG) hydrogels led to increased EC focal adhesion
formation when compared to cyclic RGDs (targeting both β1 and β3 integrins) (Wacker et al., 2008).
Given the complexity of the extracellular matrix at the physical, architectural and structural
levels, recent experimental strategies have focused on trying to decouple the various ECM characteristics in order to identify their speciﬁc eﬀects. In this chapter, two independent exploratory
projects will be presented, revolving around the common aim at better understanding how cells
probe and react to speciﬁc physical features of their environment. The ﬁrst project focuses on the
experimental exploration of the possible development of a three-dimensional super-resolved traction
force microscopy technique. The second study presents the early results in the designing of 2.5D
glass substrates displaying nanoscale crenellations.
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3.2. Towards the development of a 3D super-resolved
traction force microscopy setup
The following section details the development of a new traction force microscopy (TFM) setup,
allowing for the evaluation of three-dimensional nanoscale cellular forces. This technique is based
on the absolute localization of single molecules embedded on the surface of a compliant hydrogel,
on which cells are free to adhere. Upon adhesion, depending on the cell type being examined, cell
traction structures such as focal adhesion or protruding structures like podosomes are formed at the
cell basal membrane. The proposed system would thus enable to determine with an unprecedented
precision the amplitude and the application point of both tangential and perpendicular forces applied
by such adhesion structures.

3.2.1. Characterization of cell adhesion forces
The development of novel techniques to address cell mechanics either at a cell global scale or at
a cell local scale allowed a better comprehension of mechanosensing processes. These approaches
highlighted the fundamental role of dynamic intracellular stresses in the environment probing mechanisms. In order to characterize the cell tension and force parameters, various techniques have been
designed and are now integral to the exploration of mechanosensing-related mechanisms. They are
brieﬂy introduced in the following section, with a speciﬁc focus on traction force microscopy (TFM),
as it has been mainly explored in the subsequently described experiments.
Force quantiﬁcation techniques can be described and segregated according to numerous criteria.
Here, to simplify the analysis, they will be categorized as either "active" or “passive” methods (Fig.
3.2).

Passive methods
Passive methods rely on deformable materials as cell substrates, the strain tensor quantiﬁcation of
which yields force values associated with cell adhesion of migration events.

Traction force microscopy - Traction force microscopy (TFM) is a technique that is based
on observing ﬁducial markers embedded in a hydrogel, and characterizing their displacements. Realtime measurement of the strains associated with the marker movements allows the estimation of the
cell forces inducing substrate deformations. The force value assessment is achieved through solving
an inverse problem, for which input data gathers both the hydrogel material properties and the
marker displacement maps. Among other ﬁndings, the repartition of traction forces in a moving cell
has been highlighted thanks to this technique, with a speciﬁc coupling of traction forces with F-actin
dynamics at the migrating front of the cell and at its uropodium. Additionally, it has been shown
that acto-myosin complex contraction is more prominent in generating traction forces than actin
treadmilling process in the context of cell motility (Fournier et al., 2010). Light has also been shed
on the direct correlation between focal adhesion size and acto-myosin-mediated traction force values,
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Figure 3.2.: Summary of the most relevant techniques for cell mechanical characterization, and
their main technical characteristics. Adapted from Basoli et al., 2018
and that this relation is restricted to the early formation phase of focal contacts (Stricker et al., 2011).
In the case of mature focal adhesions, these structures have been shown to generate stresses on their
substrate ranging from 200 to 600 Pa, and optimizing force measurement has yielded stress values
of approximately 2 to 4 kPa (Stricker et al., 2010). These values are consistent with previous work
ﬁndings of 5.5 kPa on elastic substrates (Balaban et al., 2001). Podosome rosettes have also been
studied with a TFM approach, pointing to a correlation between stress values - ranging from 200 to
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600 Pa, similar to focal adhesions - and the substrate material stiﬀness - ranging from 2 to 6.5 kPa.
In this case, substrate deformation is caused by podosome ring centrifugal expansion, and mediated
by acto-myosin complex contraction, too (Collin et al., 2008; Hu et al., 2011b).

Deformation of substrate motifs - Techniques to assess the deformation of substrate topography rely on shaping the surface of a deformable material on which cells are seeded. The quantiﬁcation of the motif strains allows for measuring adhesion-associated stresses and intra-cellular
force values at the nanoNewton scale (Tan et al., 2003; Du Roure et al., 2005; Schoen et al., 2010;
Le Digabel et al., 2010; Deguchi et al., 2011; Rape et al., 2011). These techniques make use of two
main categories of substrate surface shaping: macro-motifs and micro-pillars.
Macro-motifs have been used in combination with TFM method in order to explore the eﬀect
of microtubule depolymerization on cell traction forces (Rape et al., 2011). This work has pointed
out two signaling pathways involved in microtubule depolymerization - myosin II dependent/FAK
independent and myosin II independent/FAK dependent -, which in turn increased cell stress from
0,6 to 2 kPa without changing focal adhesion size. Another use of macro-motifs has complemented
the work of Thery and colleagues on cytoskeleton stress repartition via micro-contact printing of
ECM-protein (Théry et al., 2009). Indeed, using ﬂexible motifs of the same size as ECM-protein
motifs allowed for tension analyses and conﬁrmed the preferential localization of focal adhesions in
areas of increased intra-cellular tension (Deguchi et al., 2011).
Micro-pillars display the advantage of isolating cell-generated strains more easily than in a TFM
experiment, in which the inter-bead distance limits the resolution. Knowing the geometric and
mechanical parameters of the shaped posts, it is possible to compute the stress that generated the
observed deﬂection. This approach has allowed for quantiﬁcation and comparison of traction forces
generated by motile of conﬂuent epithelial cells, ranging from approximately 50 pN to 150 nN (Li
et al., 2010). This type of setup has also been used to discriminate two force-dependent processes
associated with two adhesion structure classes, and coexisting within the same cell. Indeed, it was
observed that focal adhesions of size greater than 1 µm2 apply forces proportional to their size, while
adhesions displaying areas lesser than this threshold can generate forces of the same value order as
bigger structures (Tan et al., 2003). A subsequent work has reached similar conclusions that two
classes of force-supporting adhesions exhibited distinct force-size relationships (Stricker et al., 2011).
Another use of this setup has consisted in generating a sparse distribution of micro-pillars to study
real-time deﬂection of the posts, and thus following the dynamics of cell generated stresses. For
instance, the accumulated stress involved in the growing process of multicellular tumor spheroids
was assessed via placing spheroids at the center of a circle of PDMS pillars and recording their
deﬂections at various stages of growth (Aoun et al., 2014). Pillars can also be made use of in a
sparse distribution to quantify and characterize the cell forces in a context of migration through 3D
constricting environments (Desvignes et al., 2018).
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Active methods
The techniques categorized as active allow for evaluating several physical cell parameters either
locally or globally. These methods are based on dynamically probing cells while recording their
response.

Optical and magnetic tweezers - Optical or magnetic tweezer and trap experiments assess
the force values required in order to induce the oscillation of beads under magnetic or laser inﬂuence.
Beads can either be localized inside cells or interact on their surface (Conroy, 2008), which leads
to quantiﬁcation of: chemical force interactions between functionalized beads and the associated
ligands; local rheology within the cell; cytoskeleton-generated stresses (Puig-De-Morales et al., 2001;
Litvinov et al., 2002; Jiang et al., 2003; Balland et al., 2005; Wei et al., 2008; Veigel et al., 2011).
Optical and magnetic tweezers are particularly powerful to perform in silico dynamic quantiﬁcation
of molecular force interactions (Rio et al., 2009) and of cytoskeleton-associated stresses (Kaya et al.,
2010), as they display very high measuring accuracy (Neuman et al., 2008):
• optical tweezers - spatial resolution ranging from 0.1 to 2 nm - force domain ranging from 0.1
to 100 pN;
• magnetic tweezers - spatial resolution ranging from 5 to 10 nm - force domain ranging from
0.001 to 100 nN.
Additional characterization with optical tweezers and molecular biology techniques by Galbraith and
coworkers identiﬁed the integrin-cytoskeleton adhesion protein talin as a sensor of force exerted at
integrin–ECM binding sites, recruiting vinculin for subsequent focal adhesion growth, and strengthening of integrin–ECM interactions (Galbraith et al., 2002). Furthermore, and testifying of the acute
sensitivity of these approaches, it has been shown that force values as low as 2 to 12 pN induce talin
extension, thus respectively releasing one to six vinculin interaction sites (Rio et al., 2009).
However, optical trap experiments have proven more complex, particularly in the case of endocytosed ferromagnetic beads. Indeed, cytoplasmic volume hinders bead movement detection and
dramatically decreases the spatial resolution, while in a context of hardly controllable interactions
of the beads with intracellular components (Conroy, 2008). Due to this, beads have preferentially
been placed on the surface of cells to assess local or global membrane rheology (Bausch et al., 2001;
Galbraith et al., 2002; Balland et al., 2005), as well as ﬁlopodium-generated forces (Kress et al.,
2007; Moore et al., 2009).

Micropipette aspiration - Micropipette aspiration measures the mechanical properties of single cells by the observation of cell deformation upon controlled pressure suction. Dynamic measurement of the membrane geometry being drawn in at a given pressure allows for estimation of cell
visco-elastic properties and cortical surface tension with a stress precision of approximately 0.1 to
0.2 Pa(Hochmuth, 2000; Colbert et al., 2010; Fu et al., 2011). Numerous pioneering studies using
micropipette aspiration were conducted using lipid bilayer vesicles (Bo et al., 1989; Evans et al.,
1990; Olbrich et al., 2000; Longo et al., 2007). These cell-sized lipid vesicles can be prepared by
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rehydrating dried synthetic or natural lipids in aqueous buﬀer, and are devoid of any intracellular
organelles or cytoskeleton components. When performing this type of experiment on whole cells,
the model basically assumes a homogeneous elastic membrane holding a drop of homogeneous Newtonian liquid inside. Under micropipette aspiration and weak osmotic pressure diﬀerence, the cell
deforms with a constant volume. The use of micropipette aspiration under diﬀerent mechanical
models has enabled new knowledge in understanding the bulk mechanical behaviors during diﬀerent
biological processes (Evans et al., 1989; Jones et al., 1999; Ricca et al., 2013). Using this method, it
has been reported that breast cancer cells become more deformable upon successive extension and
relaxation events due to the reorganization and alignment of cytoskeletal network (Mak et al., 2013).
Micropipette aspiration has also been used to decipher dynamic processes such as acto-myosin cortex growth modulating behavior of membrane protrusions and generating oscillations at a typical
timescale of approximately 10 to 15 seconds (Brugués et al., 2010).

Uniaxial rheology - Uniaxial rheology makes use of micro-plates of various mechanical properties, in between which cells adhere. Movement of the plates along a unidirectional trajectory
generates global dynamic stresses that can be either tension of shear stresses, and allows for recording of the cell response to the stress. Applicable forces span a large range from 10 nN to 10 µN,
inducing the possibility to estimate visco-elastic properties of whole cells (Desprat et al., 2005; Fernández et al., 2006; Pullarkat et al., 2007; Mitrossilis et al., 2010). It has been shown that under
oscillating load, ﬁbroblasts go from a linear visco-elastic regime to a non-linear elastic behavior coupled with an increase of their stiﬀness (Fernández et al., 2006). This phenomenon has also been
described in silico with reconstituted F-actin networks in the presence of crosslinking protein ﬁlamin
A (Gardel et al., 2006a; Gardel et al., 2006b).

Laser ablation - Laser ablation enables the characterization of tension in cytoskeleton ﬁbrillary
components, within living cells. Focusing a pulsating laser beam on these structures induces their
local breakdown on a region of approximately 0.5 µm2 , without damaging the rest of the cell. The
subsequent behaviors - such as retraction or depolymerization - are then recorded to infer the previous
tension state of microtubules or stress ﬁbers (Botvinick et al., 2004; Kumar et al., 2006; Colombelli et
al., 2007; Tanner et al., 2010). This type of approach has notably been used to conﬁrm in cellulo the
visco-elastic behavior of actin stress ﬁbers, acting as tensed cables via acto-myosin complex activity
(Kumar et al., 2006). Furthermore, it has been reported that actin stress ﬁbers are connected to the
plasma membrane, where they can initiate adhesion structure formation under intracellular tension
local variations (Colombelli et al., 2009). Upon sectioning of stress ﬁbers, zyxin and vinculin are
rapidly recruited to the damage site and induce nascent adhesion formation where local tension is
higher.

Atomic force microscopy - Atomic force microscopy (AFM) was ﬁrst introduced in 1986 by
the work of Binnig and co-workers (Binnig et al., 1986), and is based on scanning tunneling microscopy (STM) also developed by Binning (Binnig et al., 1982). Contrary to STM, AFM allows
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for nanoscale characterization of non-conductive materials, and has promptly been adapted for applications in liquid environment and thus biological applications (Marti et al., 1987). A ﬂexible
micron-sized cantilever is equipped with a tip which serves at the same time as an imaging device
and a stress sensor, and the 3D displacement amplitudes of which are detected laser beam reﬂection
on its extremity. Biological samples can either be imaged in contact mode - with a constant force
being applied to the sample -, or in tapping mode - with given cantilever oscillation frequency and
amplitude. Contact mode has been widely used in the context of imaging living cells (Braet et al.,
1998; Zanger, 1998; Le Grimellec et al., 1998; Plodinec et al., 2010; Hecht et al., 2011), observing
single DNA molecules (Samori et al., 1993) or proteins (Müller et al., 2002). Thanks to dynamic
topographical information acquisitions, it has been possible to observe cell morphological responses
to chemical stimuli (Schneider et al., 2000; Rotsch et al., 2000; Oberleithner et al., 2007; Martens
et al., 2008), or to study the behavior of membrane protrusions or sub-cellular structures over time
(Schoenenberger et al., 1994; Szabó et al., 2002; Friedrichs et al., 2007). It has also been applied to
ﬁxed cells to extract qualitative information on global cell topography or on microstructure repartition, and thus allowed for drug eﬀect comparison among other explorations (Riethmüller et al.,
2007; Docheva et al., 2008; Deng et al., 2009).
Tapping mode was introduced in order to reduce the risks of damaging fragile samples and the
bias in topography measurements induced by material compression under the load of the tip (Schoenenberger et al., 1994; Radmacher et al., 1996; You et al., 2000). Indeed, tapping mode imaging
displays lower friction and adhesion of the tip on the sample, which is paramount when imaging
fragile or non-adherent samples such as macromolecules grafted on DNA or proteins (Möller et al.,
1999; Moreno-Herrero et al., 2003; Hamon et al., 2010; Kodera et al., 2010; Lyubchenko, 2011).
However, tapping mode in liquid environment yields poorer resolution than contact mode imaging
due to lesser deﬁnition of oscillation peaks in liquids (Dreier et al., 1994).

Focus on TFM
Developing new tools to study cell-exerted forces has represented a great leap forward in terms
of understanding mechanosensitivity and mechanotransduction mechanisms (Roca-Cusachs et al.,
2017). In 1980, Harris proposed using silicon thin ﬁlms to identify forces applied by cells during
migration (Harris et al., 1980). The observation of wrinkling on the hanging ﬁlms conﬁrmed the
ability of ﬁbroblasts to exert traction forces on their substrate in order to propel their migration.
If this approach did not allow for computing the force amplitudes, it paved the way for the
development of novel force evaluation techniques, including traction force microscopy (TFM), which
has since been profusely applied to study forces generated at focal adhesion sites (Dembo et al., 1996;
Dembo et al., 1999). Traction force microscopy is one of the most successful and broadly-used force
probing technologies, chosen for the simplicity of its implementation, ﬂexibility to mimic cellular
conditions, and well-established analysis pipeline.
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TFM main concepts - TFM is based on accessing the strain tensor component values for an
elastic material, typically a polyacrylamide (PAA) hydrogel, on which cells have been plated (Fig.
3.3). Indeed, as cells apply forces on their substrate, these induce quantiﬁable stress given that:
• the substrate is compliant enough,
• its material properties are well-known, especially its mechanical properties,
• the gel deformations are observable.
Substrate strains can be assessed by comparing ﬁducial marker localizations, which are embedded
inside or on the surface, at two diﬀerent mechanically relevant time points: in a stressed conformation
- i.e. with a cell applying tension; and in a relaxed conformation - i.e. without any adherent cell.
This speciﬁcation thus induces to acquire two images of the device: one image is taken with a cell
adhering to the substrate; the other one must be taken either after having removed adherent cells e.g. with a detergent solution or trypsin -, or before cell-seeding if the initial positions of the ﬁducial
markers are well-characterized - e.g. if they have been organized in a crystal lattice (Bergert et al.,
2016). Once the deformation cartography is obtained, its information can be converted in a traction
map with an algorithm dedicated to solve the inverse problem (Butler et al., 2002; Del Alamo et al.,
2007; Trepat et al., 2009).

Figure 3.3.: Schematic diagram of a TFM substrate. A soft substrate (light grey) is bonded to a
rigid base (dark grey). Fluorescent beads (yellow, red) are sometimes embedded at the substrate
base, and near its surface. A continuous stress distribution is applied by a contractile sample, causing
the displacements of ﬂuorescent beads. Adapted from Style et al., 2014

TFM workflow The typical protocol for most elementary TFM experiments has been extensively
documented (Cretu et al., 2010; Aratyn-Schaus et al., 2010), and is brieﬂy described as follows:
• surface treatment of one set of glass coverslips including hydrophilicity boost, silanization of
glass and addition of active aldehyde groups - namely the activated coverslips;
• preparation of working solutions containing the ﬁnal desired concentrations of acrylamide/bisacrylamide, depending on the desired gel mechanical properties;
• integration of ﬁducial markers directly inside the acrylamide solution, or through spin-coating
them on another set of clean glass coverslips;
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• initiation of the gel polymerization with a radical source and a catalyst, pipetting of a given
volume of acrylamide solution onto the activated coverslip and sandwiching the gel with a
clean or ﬂuorescent bead-coated coverslip;
• after complete polymerization of the hydrogel at room temperature, separation of the sandwich
to only keep the activated coverslip on which PAA has been covalently bound;
• PAA surface grafting of an amine-reactive crosslinker for subsequent coating of any ECM
protein;
• placing PAA-coated samples in sterile-compatible conditions prior to cell seeding;
• loading of the samples in the imaging chamber for microscopic observation of either the ﬂuorescent displacement markers, the cell adhesion structure characteristics, or both;
• detachment of the cells via addition of a detergent or highly concentrated solution of adhesion
protein cleaving agent;
• imaging of the ﬁducial markers at the exact same localization as before cell detachment;
• comparison of the two ﬂuorescent bead acquisitions to extract the associated displacement
ﬁeld;
• solving of the inverse problem with the PAA gel Young’s modulus value and the inferred
displacement ﬁeld as input data, yielding a force mapping of the hydrogel surface.

Analysis of TFM data - Extraction of the displacement ﬁeld is preferentially carried out
through cross-correlation based particle tracking velocimetry (PTV) and particle image velocimetry
(PIV) methods to track the ﬁducial marker movements. PTV tracks the individual displacements of
all the beads on the region of interest (Legant et al., 2010), while PIV estimates the displacements
from piecewise local correlations performed on image blocks of varying sizes (Tolic-Nørrelykke et al.,
2002). Hence, PIV automatically assumes the local deformations to be approximated by simple rigid
translations.
Then, traction stresses are computed from the measured displacements by solving a boundaryvalue problem (Style et al., 2014). Assuming the substrate is a linear-elastic solid, stresses σ(x) are
ν∇.u
E
( 21 (∇u+∇uT )+ 1−2ν
I)
related to displacements u(x) by the tensorial version of Hooke’s law: σ = 1−ν
where I is the identity tensor, and ν is Poisson’s ratio. As mechanical equilibrium requires that
∇.σ = 0, this yields from the previous equation: (1 − 2ν)∇2 u + ∇(∇.u) = 0. The substrate is
rigidly attached to a stiﬀ base at z = 0, and has a free surface at z = h. Traction stresses at the
surface can be computed if the displacement ﬁeld is known on a horizontal plane located at or just
below the surface - at z = z0 =< h. Stress features with a length scale lesser than h − z0 cannot be
accurately resolved, so the ﬁnest spatial resolution is achieved when the displacement ﬁeld is assessed
at the free surface. This is the elected hypothesis for the following, which yields system boundary
conditions deﬁned as: u(z = h) = u ∗ (x, y) and u(z = 0) = 0, with u ∗ (x, y) being the PTV or
PIV inferred displacement ﬁeld. The mechanical equilibrium equation can be solved by applying
Fourier transform in x and y (Dembo et al., 1999). This results in an ordinary diﬀerential equation
in z for the Fourier transform û(kx , ky , z) of u, with kx and ky being the x- and y-wavenumbers,
respectively. Evaluating the result at the substrate surface gives that the Fourier transform of the
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traction stresses σ̂ is linearly related to û(: σ̂iz (kx , ky , z = h) = Qij (kx , ky , h)ûj (kx , ky , z = h) with
summation over repeated indices.
Thus the basic procedure for computing surface traction stresses from the surface displacement is
as follows:
• compute the in-plane Fourier transform of the displacements;
• for each wavenumber pair, compute the associated matrix Qij (kx , ky , h);
• apply Q to the displacement data for each wavenumber in order to evaluate the Fourier
transform of the traction stress;
• eventually compute the traction stress ﬁeld via inverse Fourier transformation.
As summarized in Fig. 3.4, the two main analysis steps, namely the displacement ﬁeld determination
and the computation of traction forces, are subjected to factors potentially inﬂuencing the ﬁnal results
(Zündel et al., 2017). Identiﬁcation of these factors, and exploration of their potential impact has
led to various improvements of both the TFM experimental setup and its associated data analysis.

Figure 3.4.: Main steps in TFM analyses and associated inﬂuential factors. Adapted from Zündel
et al., 2017

Improving TFM experimental aspects
Recent developments have been pushing the performance limits of the traditional TFM technique.
Some works have focused on improving in-plane traction resolution, while others have implemented
the determination of axial strain components.

Improvements on microscopy - Technical improving of the traditional microscopy techniques
allowed for their introduction in the TFM workﬂow. Indeed, instead of classic confocal microscopes,
more advanced microscope setups have recently been used to acquire the load-free and stressed
images, such as spinning disk confocal scanner microscopy (Del Álamo et al., 2013; Plotnikov et al.,
2014), total internal reﬂection microscopy (Han et al., 2015), stimulated emission depletion (STED)
microscopy (Colin-York et al., 2016; Colin-York et al., 2017) (Fig. 3.5), and structured illumination
microscopy (SIM) (Colin-York et al., 2019). The spatial resolution of TFM is determined by the
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spatial sampling of the displacement ﬁeld (Sabass et al., 2008), which is limited by both the density
of ﬁducial markers and the optical resolution of the microscope. By improving the optical resolution
of the microscopy, it has hence been proposed to increase the density of the ﬂuorescent beads,
in order to gain a ﬁner evaluation of the displacement ﬁeld. Indeed, the work of Colin-York and
coworkers showed that increasing the 40 nm ﬂuorescent bead density up to 15 µm−2 drastically
improved the recovery of the traction ﬁeld, thanks to lesser sparse displacement ﬁeld information
(Colin-York et al., 2016; Colin-York et al., 2017). Another strategy to increase the ﬁducial marker
density consists in embedding two diﬀerent color ﬂuorescent beads (Sabass et al., 2008; Plotnikov
et al., 2012; Plotnikov et al., 2014).

Figure 3.5.: Outline of STED-TFM. (a) Schematic representation of a typical STED-TFM setup.
Traction forces applied by the cell to the top surface of the gel result in lateral displacement of the
beads within the gel. (b) Schematic showing the beam path of a STED microscope. (c) Side-by-side
comparison of the resolution enhancement oﬀered by STED microscopy as compared to with confocal
microscopy. Adapted from Colin-York et al., 2017
An original alternative to the previous limited approach has been proposed by the work of Bergert
and colleagues, in which they suggested a speciﬁc arrangement of the ﬁducial so that no reference
conﬁguration image was required (Bergert et al., 2016) (Fig. 3.6). Indeed, through the use of electrohydrodynamic nanodrop printing, a crystalline lattice of Quantum Dots nanodiscs were deposited
on the surface of a polydimethylsiloxane (PDMS) gel. This lattice was ﬁnely characterized and provided a geometrically controlled meshing of the surface of the substrate, allowing for a precision of
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approximately 30 nm. While this setup also allowed for the detection of out of plane loads due to the
highly conﬁned localization of Quantum Dots, it also displayed higher sparsity in the displacement
ﬁeld evaluation due to the value of spacing between nanodiscs just over 1 µm.

Figure 3.6.: (a) Schematic of the confocal reference-free TFM setup and involved techniques. (b)
Workﬂow of the classical continuum approach versus the one-step confocal reference-free TFM process. (c) Scanning electron microscopy image of cross-section of elastic silicone layer on glass coverslip. Scale bar 20µm. (d) Results of tensile (uniaxial) and inﬂation (equibiaxial) testing of CY52-276
silicone.(e) Representative example of quantum dots nanodisc printing on elastic silicone substrates.
Scale bar 2µm. Adapted from Bergert et al., 2016

Improvements on force detection - Another aspect of TFM which has recently been explored towards improvement, lies in the detection of axial forces applied on a 2D substrate. Indeed,
the realization that cells could generate out-of-plane traction stresses even when they adhere on ﬂat
surfaces (Hur et al., 2009) has prompted an increased demand for the characterization of the error
that the widely used 2D TFM methods might have incurred by neglecting these stresses. In the work
of Hur and colleagues, 3D evaluation of forces relied on 3D single particle tracking of the ﬁducial
markers to infer a 3D assessment of the displacement ﬁeld.
A computation of the 3D cell traction forces using Fourier transform has been proposed by the
work of del Alamo (Del Álamo et al., 2013) (Fig. 3.7). In this experimental setup, the PAA gel
was bi-layered so that a ﬁrst ﬂuorescent bead-free ﬁlm was deposited before the addition of the top
layer, in which ﬂuorescent beads were embedded. Sub-pixel resolution was attained by tri-quadratic
polynomial interpolation of the image correlation function. This method notably allowed for the
characterization of 3D forces exerted by leukocytes and vascular endothelial cells, showing their
role in dynamically facilitating diapedesis (Yeh et al., 2018); or for deciphering the roles of axial
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actomyosin contractility and cortical tension mechanisms in the context of Dictyostelium amoeboid
migration (Alvarez-Gonzalez et al., 2015).

Figure 3.7.: Conﬁguration of the 3D TFM mathematical problem. The input data are the measured
three-dimensional deformation caused by the cell on the free surface of the substratum (z = h, red),
and it is assumed that the deformation of the substratum is zero at the bottom surface in contact
with the glass coverslip (z = 0, blue). Adapted from Del Álamo et al., 2013
Another approach to visualizing 3D displacements induced by traction and normal forces consists
in inferring the displacement ﬁeld from ﬂuorescent beads dispersed in the whole volume of the
PAA gel. Franck and coworkers notably developed a method for measuring large deformations in
optically transparent soft materials (Franck et al., 2007; Maskarinec et al., 2009; Franck et al., 2011;
Toyjanova et al., 2014a). The technique utilizes a digital volume correlation (DVC) algorithm to
track motions of subvolumes within 3-D images obtained using ﬂuorescence confocal microscopy. In
order to extend the strain measurement capability to the large deformation regime (>5%), a stretchcorrelation algorithm was developed and implemented into the Fast Fourier Transform (FFT)-based
DVC algorithm. What is more, it yielded some of the ﬁrst experimental evidence that cells were
indeed capable of exerting large material deformations (Toyjanova et al., 2014a; López-Fagundo et
al., 2014). This ﬁnding highlighted the requirement of the formulation of a new theoretical TFM
framework to accurately calculate the traction forces. In the work of Legant, a volume dispersion of
the ﬂuorescent markers was also implemented for the exploration of out-of-plane tractions (Legant
et al., 2013). However, in this study, each of the ﬂuorescent bead centroids were identiﬁed using a
3D Gaussian maximum likelihood estimator. This methodology revealed the exertion of rotational
moments at the site of focal adhesions in migrating ﬁbroblasts.

Improving TFM data reconstruction
Historically, the ﬁrst approach to compute traction force from the measured displacement ﬁeld
consisted in an inversion of the reduced equilibrium equation in real space (Dembo et al., 1999).
However, despite its being quite ﬂexible, constructing the required matrices and inverting them is
computationally demanding (Sabass et al., 2008; Herant et al., 2010).

107

Chapter 3. Developing new substrates for the characterization of podosome mechanical properties
and topography sensing with super-resolution microscopy

Identification of force application area - Considerable simpliﬁcation can be achieved if
the position and the extension of the adhesive sites are known. Traction reconstruction with point
forces avoids numerical integration by assuming the force in the generalized Hooke’s law equation
is conﬁned to small regions. However, it raises the question whether all adhesion structures exert
forces on their substrate. Han and coworkers showed in their work that only approximately half
of nascent adhesions in epithelial cells did spatially coincide with local force maxima (Han et al.,
2015). To do so, they implemented a method of sparsity regularization to the solution of the inverse
problem, suppressing noise without underestimating traction magnitude.

Force reconstruction algorithms - With Fourier transform traction cytometry (FTTC), the
mechanical equilibrium equation is solved in Fourier space, where the convolution integral becomes
a simple matrix multiplication (Butler et al., 2002). This method is eﬃcient and reliable, and has
thus found wide popularity (Sabass et al., 2008; Plotnikov et al., 2014; Kulkarni et al., 2018), to
the point where it has been implemented in a routine ImageJ plugin (Martiel et al., 2015). Indeed,
FTTC beneﬁts from a very fast computation time and that no additional information apart from
the measured displacement ﬁeld is required. However, the resolution of the ﬁnal traction ﬁeld
depends strongly on the local resolution of substrate deformations according to the Saint-Venant’s
principle. Therefore, it is paramount to record the ﬂuorescent marker displacements close to the
force-generating processes -i.e. under the cell body - to resolve the details of the traction pattern.
What is more, according to Nyquist criterion, the spatial resolution is mainly determined by the
bead density, being resolved in the image processing phases, which is why nanobeads are preferred
over microbeads. Alternatively, the diﬀerential equations can be solved with a ﬁnite element method
(FEM) (Yang et al., 2006). FEM displays the advantage that almost unspeciﬁed geometries and
nonlinear gel responses can be explored. However, the need to discretize the whole bulk inside the
gel makes FEM computationally demanding. FEM approaches are especially suited for 3D systems
(Legant et al., 2010; Munoz, 2016). Additionally, it has been shown that TFM can be completely
based on such a discretized approach, for example in order to take into account ﬁnite substrate
thickness (Yang et al., 2006). Here, the agreement between measured and simulated displacements
has been optimized using a FEM-formulation. A mathematically elegant way to reconstruct traction
with FEM has been introduced by Ambrosi and coworkers (Ambrosi, 2006; Ambrosi et al., 2009).
The basic idea relies on considering the traction reconstruction as a partial diﬀerential equation
constraint optimization problem.

Displacement field extraction - Upstream of the traction reconstruction, other works have
also strived to improve the accuracy of TFM through displacement ﬁeld extraction from imaging of
the ﬁducial markers. As has been previously said, while PIV is the most commonly used method
to quantify the substrate deformations, some other works have implemented other displacement
reconstruction methods. Among these: single and multiple particle tracking (Bloom et al., 2008;
Bar-Kochba et al., 2015), hybrid combination of particle tracking and correlation tracking (Style
et al., 2014), digital volume correlation (Franck et al., 2007; Maskarinec et al., 2009; Franck et al.,
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2011), or a recently introduced free form deformation-based image registration algorithm (JorgePenas et al., 2015). What is more, polyacrylamide gels have been proved to display nonlinear elastic
behaviors, contrary to which is mostly assumed in TFM traction reconstructions. Even though their
Poisson’s ratio was quantiﬁed and yielded values well according with the incompressibility hypothesis
(Takigawa et al., 1996; Boudou et al., 2006a; Boudou et al., 2006b; Legant et al., 2013), it was also
pointed out that gels exhibited nonlinear elastic behavior (Boudou et al., 2009). Additionally, their
viscoelastic behavior has been but poorly characterized (Weiss et al., 1977; Heemskerk et al., 1984;
Kumar et al., 2010; Abidine et al., 2015). However, works on implementing these kinds of non-basic
mechanical behaviors in TFM force recovery strategies have been conducted recently. Palacio and
coworkers proposed numerical estimation of cell forces by solving a minimization problem that combines multiple non-linear FEM solutions, yielding a higher accuracy in traction prediction (Palacio et
al., 2013). Another case of non-linearity was tackled in the speciﬁc context of hyperelastic substrates,
also via minimization problem resolution (Dong et al., 2017). Eventually, viscoelasticity was also
explored from its experimental characterization methodology to its mathematical implementation in
the 3D TFM framework (Toyjanova et al., 2014b).
In the speciﬁc context of podosomes, or podosome superstructures such as the sealing zone, the
main component of the exerted forces is the axial one. However, recent TFM techniques are not
suited for the precise evaluation of axial forces applied on submicron areas. To overcome this
drawback, previous works in the lab led to the development of a technique speciﬁcally designed
for the quantiﬁcation of forces applied by podosomes. This method is based on observing the
deformations of a thin Formvar ﬁlm via atomic force microscopy, and was named protrusion force
microscopy (Labernadie et al., 2014; Bouissou et al., 2018). Indeed, when macrophages formed
podosomes on this hanging ﬁlm, bulges below the sites of podosome formation were measured, and
related to the required force for their generation based on the mechanical properties of Formvar. This
original technique also allowed for the dynamic characterization of podosomes Proag et al., 2015.
However, it still lacks access to two major information: the in-plane components of forces, and the
possible coupling with ﬂuorescence imaging to follow the localization of target proteins. However,
these information are available with typical TFM setup, but not the precise estimation of axial force
components. Hence, it was explored whether attempting to include this information was feasible by
developing a new super-resolved 3D TFM setup.

3.2.2. Towards a super-resolved 3D TFM setup
Given the previously stated pros and cons of the numerous TFM systems that have been developed,
we have set out to ﬁnd out whether we could design and deliver an “all-inclusive” super-resolved
3D-TFM setup. We have thought of the various aspects of a TFM experiment walkthrough, and
how we ought to adapt them in a context of super-resolution 3D microscopy. We have sorted
them in four diﬀerent categories, and listed for each one the requirement speciﬁcations implied by
the corresponding technologies and processes. These considerations are detailed in the following
paragraphs.
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Choosing a microscopy technique
As has been emphasized in the ﬁrst chapter, the current lack of deformation resolution lies in
the mismatch between well-resolved in-plane displacement information and poor axial deformation
information in order to characterize forces that are growingly thought to be applied at an angle
relative to the substrate surface. In order to address this issue, an obvious solution is to seek an
observation technique that would beneﬁt from an excellent resolution in the three space dimensions.
An overview of the available super-resolution microscopy techniques is summarized in Fig. 3.8 and
the comparison of their technical characteristics is described in Fig. 3.9.

Figure 3.8.: Basic principles of super-resolution microscopy. Simpliﬁed light-paths of common conventional (a–c) and super-resolution microscopy techniques (d–h). For better comparison, all techniques are displayed in an upright conﬁguration, though inverted conﬁgurations are more common,
particularly for TIRF, SIM and SMLM systems. Adapted from Schermelleh et al., 2019
Considering in-plane resolution, two major types of super-resolved microscopy techniques rival
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with typical x-y localization precision under 100 nm: single molecule localization microscopy and
controlled illumination-based microscopy. PAINT, PALM and STORM techniques ﬁt in the ﬁrst
category, while SIM and STED ﬁt in the second one. The technical speciﬁcities for each of these
super-resolved techniques will be discussed in this paragraph.

Controlled illumination-based microscopy
Stimulated emission depletion microscopy - Stimulated emission depletion (STED)
microscopy was developed by the work of Hell and Wichmann in 1994 (Hell et al., 1994). It consists in
exploiting the non-linear response of ﬂuorophores and selectively deactivating ﬂuorescence. STED
interrupts the relaxing process of dye electrons before the photon is released, forcing it to relax
into a higher vibration state and thus red-shifting the photon eventually released, allowing it to be
discarded by signal ﬁltering. This alternative emission occurs when an incident photon strikes the
stimulated ﬂuorophore. Lateral resolution using STED can go down to approximately 50 nm.
Structured illumination microscopy - Structured illumination microscopy (SIM) works
by using a patterned illumination, usually stripes, to excite the sample (Guerra, 1995). The stripe
position and orientation is changed a number of times, and the emitted ﬂuorescence signal is recorded
for each one of those positions. The interaction between the excitation and the sample produces
Moiré patterns as a result of interference between the ﬁne-striped excitation striped pattern and
the sub-diﬀraction details in the sample emission. These Moiré patterns contain high frequency
spatial information that would not be decipherable through diﬀraction-limited imaging. Following
processing with a specialized algorithm, this information can be extracted from the raw data of the
multiple images, to produce a reconstructed ﬁnal image that has a lateral resolution approximately
twice that of diﬀraction-limited instruments, i.e. close to 100-130 nm. SIM techniques shortcomings
lie in the length of processing time necessary to achieve high-resolution images, and its sensitivity to
errors in grating position, system calibration, refractive index mismatch and/or poor sample quality.
Single molecule localization microscopy techniques - PALM - photoactivated localization microscopy - and STORM - stochastic optical reconstruction microscopy - techniques rely
on the same fundamental concept: activating the ﬂuorescence then switching it oﬀ in individual
molecules that are far apart so that their halos do not overlap, coupled with multiple time point
acquisitions to result in a crisper image. While PALM technique exploits the spontaneously occurring phenomenon of photobleaching, STORM relies on the reversible switching between a ﬂuorescent
on-state and a dark oﬀ-state of a dye. Another single molecule localization microscopy technique
relies on the transient binding and unbinding of ﬂuorophores to achieve similar emission dynamics:
point accumulation for imaging in nanoscale topography, or PAINT.

PALM - PALM was introduced in 2006 by the work of Betzig and Hess (Betzig et al., 2006;
Hess et al., 2006), and was awarded with the 2014 Nobel Prize for Chemistry. In a typical PALM
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experiment, ﬂuorophores are stochastically activated by laser power, emit for a short period of time
before bleaching and multiple time points are acquired until the optimal number of ﬂuorophores
have emitted. The same process for center of mass precise reconstruction for each ﬂuorescence signal
is applied to each time point data, and a complete super-resolution microscopy image is compiled.
Three commonly used types of dyes can be applied to PALM technique: photoactivatable ﬂuorophores (PA-GFP/mCherry -> UV activation); photoconvertible ﬂuorophores (mEOS proteins ->
UV activation) and photoswitchable ﬂuorophores (chemical dyes, also used for STORM applications).
Another application for PALM technique is single particle tracking.

STORM - STORM was introduced in 2006 by the work of Rust (Rust et al., 2006). Two
variants of STORM have been developed: the ﬁrst is based on the interaction of a pair of activatorreporter dyes, and direct STORM in which ﬂuorophores are converted to the oﬀ state using speciﬁc
excitation parameters in combination with a specialized oxygen-scavenging imaging buﬀer (Bates
et al., 2007; Huang et al., 2008; Van de Linde et al., 2011). The “activator” dye induces a switching
and the “reporter” dye emits the signal which is detected by the camera. While this STORM
system allows multicolor applications and requires less substantial laser power in order to achieve
the energy jump from on-state to oﬀ-state, it implies dual labelling of the same target molecule
and relies on the proximity of the two dyes and is not commonly used. Nowadays, dSTORM is
most preferentially used in microscopy experiments, compared to the ﬁrst STORM version. Ideal
ﬂuorophores for STORM technique should be bright, have a high rate of photoswitching and be
minimally prone to photobleaching in observation conditions.

PAINT - PAINT stands for point accumulation for imaging in nanoscale topography, and
was ﬁrst introduced in the 2000s by the work of Sharonov and coworkers (Sharonov et al., 2006).
The general principle of this technique lies in the use of ﬂuorescent dyes that transiently bind and
quickly dissociate from their targets, resulting in a “blinking” signal. This blinking can be captured
over a consequent amount of time points, with each time point acquisition presenting a sparse
pattern of switched-on pixels. This sparsity is then tapped in order to ﬁnely recover every center of
ﬂuorescence peaks with a precision of 25 nm. This process is applied on each time point acquisition,
and eventually the whole sample image is reconstructed.
In their simplest implementations, these methods typically improve lateral resolution by one order
of magnitude, however their axial resolution is still limited by diﬀraction. Speciﬁc techniques must
be developed to tackle this strong anisotropy resolution, which compromises 3D imaging.

Confocal microscopy - When it comes to axial localization, a massive breakthrough in the
late 50s has consisted in the introduction of confocal microscopy. Its principle was patented by
Minsky in 1957 (Marvin, 1961) and consists in using point illumination materialize by a spot close
to the diﬀraction limit in size, coupled with a pinhole in an optically conjugate plane in front of
the microscope’s photodetector or camera in order to eliminate out-of-focus signal. As illumination
is focused on only one point at a time, retrieving an entire image of the region of interest requires
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scanning over a rectangular raster at a prescribed scan speed. Variation of this scan speed inﬂuences
signal-to-noise ratio as well as photobleaching. Acquisition of successive 2D slices make up a zstack, which can be processed to yield a 3D reconstruction of the sample by optical sectioning. The
achievable thickness of the focal plane is mostly deﬁned by the wavelength of the used light source
over the numerical aperture of the objective lens, but it also depends on the optical properties of the
sample. Also, as the pinhole blocks oﬀ a major part of the signal emitted by the sample ﬂuorescence,
the increased axial resolution is at the cost of decreased signal intensity. Thus, long exposures are
required, at the risk of great photobleaching. To counterbalance this drawback, use of more sensitive
detectors - photomultiplier tube or avalanche photodiode - or of a series of moving pinholes on a disc
- enabling them to hover over a speciﬁc area for a longer time, the so-called spinning disk technique
- have been proposed as improvements for instance.

Total internal reflection fluorescence - The idea of using total internal reﬂection to illuminate cells contacting the surface of glass was ﬁrst described by E.J. Ambrose in 1956 (Ambrose,
1956). This idea was then extended by Daniel Axelrod in the early 1980s as TIRFM (Axelrod, 1981).
A TIRFM uses an evanescent wave to selectively illuminate and excite ﬂuorophores in a restricted
region of the specimen immediately adjacent to the glass-water interface. The evanescent wave is
generated only when the incident light is totally internally reﬂected at the glass-water interface.
The evanescent electromagnetic ﬁeld decays exponentially from the interface, and thus penetrates
to a depth of only approximately 100 nm into the sample medium. Thus the TIRFM enables a
selective visualization of surface regions such as the basal plasma membrane (which are about 7.5
nm thick) of cells. By comparison, this optical section thickness is approximately one-tenth that
produced by confocal ﬂuorescence microscopy techniques. However, this technique does not allow
for sample-sectioning in its entire depth.

Engineering point spread function - A technical way of axially localizing ﬂuorescent light
sources consists in deforming their point spread function (PSF) through the use of unconventional
optics on the emission optical path. This idea was brought up by the work of Izeddin and colleagues
(Izeddin et al., 2012), in which a 52-actuator deformable mirror was used to both correct aberrations
and induce two-dimensional astigmatism in the point-spread-function. Depending on its z position
with respect to the image plane, the point source will be imaged on the detector as a more or
less defocused spot. Unfortunately, analysis of this defocused signal cannot precisely determine the
source position along the z-axis due to:
• the symmetry of the PSF deformation above and below the focal plane;
• the small change in the PSF shape for molecules within the focal depth of the objective
(typically 0.5 µm).
Thanks to this imbalance, on each z-stack slice one can relatively place one source above or beneath the other and quantify the height diﬀerence relatively to the PSF aspect (Pavani et al., 2009;
Badieirostami et al., 2010). Single- (Huang et al., 2008) and double- (Xu et al., 2012) cylindrical-lens
methods have achieved axial-localization precisions 60 and 20 nm, respectively. The former is very
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stable and straightforward to implement, whereas the higher precision of the latter comes at the cost
of increased complexity.

Interferometric microscopy - Interferometric microscopy has also been proposed to further
push the boundaries of axial resolution, via combination with photoactivated localization microscopy
(iPALM) (Shtengel et al., 2009). Quantitative high-precision positional measurements are commonly
made with phase-based interferometry, where coherent light waves from two optical paths (a reference
path and a measured path) are combined to create a signal that modulates on the length scale of
an optical wavelength (Hariharan, 2003). Interferometry is widely applied to position objects to
10−10 -meter accuracy, measure optical surfaces, and even scout for gravity waves with 10−18 -meter
sensitivity. Interferometric microscopes when combined with phase-shifting techniques can form
subnanometer-height images and are routinely used in industry to qualify semiconductor processing
or hard disk drive head proﬁles (Linnik, 1933; Delaunay, 1953; Bhushan et al., 1985). A novel optical
system was conﬁgured based on a combination of insights. First, single ﬂuorescent molecules are
intrinsic quantum sources. Thus, wave-particle duality allows a single ﬂuorescent photon to form
its own coherent reference beam. An emitted photon can simultaneously travel two distinct optical
paths, which are subsequently recombined so that the photon interferes with itself. The position of
the emitter directly determines the diﬀerence in the path lengths, hence the relative phase between
the two beams. Second, the optical system can be conﬁgured so that interference can take place
over a wide range of lateral source positions to form interference images on an area array detector,
such as a CCD for rapid parallel acquisition. Finally and most importantly, simultaneous multiphase
detection must be implemented for each photon, which represents the requirement of highly elaborate
computational resources.
However, all these strategies provide only the relative axial positions of the ﬂuorophores with
respect to an arbitrary focal plane. Hence, 3D optical nanoscopy is in need of a method that combines
high nanometer axial precision, simplicity of implementation and absolute axial positioning.

Combining 2D and axial super-resolution - Using a microscopy system which couples
single molecule localization with supercritical angle ﬂuorescence detection has been proposed, namely
the direct optical nanoscopy with axially localized detection (DONALD) setup (Bourg et al., 2015).
The speciﬁcity of DONALD setup lies in its novel use of the nearﬁeld component of ﬂuorescent
emitted signal. Indeed, when considering a ﬂuorescent source localized in the close proximity of the
observation medium-glass coverslip interface, the evanescent component propagates within glass with
a refraction angle superior to the critical angle: this is referred to as supercritical angle ﬂuorescence
(SAF). This SAF component intensity decreases exponentially when the ﬂuorescent source is farther
away from the optical interface, and thus leads to determining the absolute axial localization of the
ﬂuorophore relative to the glass coverslip surface. This axial localization beneﬁts from a 20 nm
precision within the ﬁrst 200 nm from the coverslip, and decreases down to approximately 100 nm
when being 600 nm high within the sample (Bourg et al., 2015).
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Figure 3.9.: Inherent trade-oﬀs in super-resolution microscopy. Diagram illustrating the main properties of commercially available super-resolution and conventional microscopy techniques. Adapted
from Schermelleh et al., 2019

Choosing a deformable material
Polyacrylamide has been used for many years as a compliant substrate for attachment of ECM
(Wang et al., 1998). It is optically clear, colorless and has a similar refractive index to that of water.
It is considered as linearly elastic and can be easily and reproducibly prepared to exhibit a wide
range of well-deﬁned compliances. Finally, polyacrylamide is biochemically inert, allowing cells to
speciﬁcally engage only the ECM that is covalently coupled to its surface. Indeed, as polyacrylamide
is uncharged and does not react with proteins, cells will not adhere directly to poly-acrylamide
surfaces. Even though, unpolymerized acrylamide is highly toxic to many cell types, suﬃciently long
wash times once the polyacrylamide gel has been formed and overnight incubations in large volumes
of buﬀer are optimal to minimize this cytotoxic eﬀect. What is more, it has been shown that cells
will ‘feel’ and respond to a stiﬀer substrate beneath a softer one if the soft substrate is suﬃciently
thin (Buxboim et al., 2010). Which means in our speciﬁc case that using great Young’s modulus
PAA values will not be necessary to induce formation of adhesion structures.
Hence, choosing polyacrylamide for the hydrogel coating of glass coverslips appeared as an obvious
decision.
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Choosing a deformation marker
The Alexa Fluor family of ﬂuorescent dyes is a series of dyes commercially available and frequently
used as cell and tissue labels in ﬂuorescence microscopy. They were intended to improve upon the
properties of previously developed biological ﬂuorescent dye families and solve some of the issues
that they possessed. Structurally, the Alexa Fluor dyes are generated through the sulfonation and
additional modiﬁcation of certain well known dye families. In particular, the dye families of coumarin,
rhodamine, xanthene (of which the industry-standard ﬂuorescein is a member), and cyanine dyes were
used. Sulfonation makes the Alexa Fluor dyes negatively charged and more hydrophilic than their
precursors, while additional modiﬁcation was used to improve the performance in photo-bleaching
and pH dependent ﬂuorescent intensity. The Alexa Fluor 647 speciﬁc ability to rapidly switch in
energy states in the presence of oxygen-deprived observation buﬀers has made it suitable for single
molecule localization microscopy techniques.
However, in the speciﬁc context of this study, it is required that ﬂuorescent markers emit with
a blinking pattern in a water-based observation buﬀer such as PBS. An early test was carried out
on unroofed macrophages stained for actin with Alexa Fluor 488-tagged phalloidin and observed in
PBS. It yielded satisfactory results concerning the Alexa Fluor-based ﬂuorophores ability to blink
in water-based medium. Indeed, the apparent blinking dynamics were comparable for Alexa Fluor
488 in PBS and Alexa Fluor 647 in STORM imaging buﬀer.

Choosing a cell-adhering coating
A characteristic feature of most integrin receptors is their ability to bind a wide variety of ligands.
Moreover, many extracellular matrix and cell surface adhesion proteins bind to multiple integrin receptors (Humphries, 1990; Plow et al., 2000; Van der Flier et al., 2001; Humphries et al., 2006). The
main ﬁbrous ECM proteins are collagens, elastins, ﬁbronectins and laminins (Alberts et al., 2007).
However, each tissue is notably characterized by its speciﬁc variety and respective proportions of
proteins from these four ECM ﬁber families. To promote integrin-mediated cell anchorage and signaling, the short peptide Arg-Gly-Asp (RGD), derived from laminin, ﬁbronectin and vitronectin, has
been widely incorporated into protease-sensitive, synthetic hydrogels. For example, RGD conjugated
to heparin-PEG hydrogels promoted the formation of a well-organized cytoskeleton in HUVECs and
increased their viability upon encapsulation (Oliviero et al., 2012).
All ﬁve αv integrins, two β1 integrins (α5, α8) and αIIbβ3 share the ability to recognise ligands
containing an RGD tripeptide active site. Crystal structures of αvβ3 and αIIbβ3 complexed with
RGD ligands have revealed an identical atomic basis for this interaction (Xiong et al., 2002; Xiao
et al., 2004). RGD binds at an interface between the α and β subunits, the R residue ﬁtting into
a cleft in a β-propeller module in the α subunit, and the D coordinating a cation bound in a von
Willebrand factor A-domain in the β subunit. The RGD-binding integrins are among the most
promiscuous in the family, with β3 integrins in particular binding to a large number of extracellular
matrix and soluble vascular ligands. Although many ligands are shared by this subset of integrins,
the rank order of ligand aﬃnity varies, presumably reﬂecting the preciseness of the ﬁt of the ligand
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RGD conformation with the speciﬁc α-β active site pockets. Due to this versatility and its small
size compared to the total-length matrix proteins, RGD peptide was chosen to coat polyacrylamide
gels.

Listing the requirement specifications
Development of cell force evaluation methods has allowed better comprehension of the processes
by which cell adhesion structures probe extracellular environment rigidity, and thus enabled to
start investigating the mechanotransduction signaling pathways involved in the process. However,
current TFM techniques lack acute three-dimensional resolution in order to assess forces exerted by
protrusive submicron adhesion structures such as podosomes. Indeed, as mean podosomal diameter
is approximately 500 nm (Proag et al., 2016), quantifying associated forces requires being able to
assess substrate deformations at the same scale, i.e. beneﬁting from a 3D resolution lesser than 100
nm. To this day, only protrusion force microscopy (PFM) has succeeded in this task (Labernadie
et al., 2014; Proag et al., 2015; Proag et al., 2016; Bouissou et al., 2017). However and unlike with
TFM, in-plane strain components are not accessible through PFM. Nor is the simultaneous imaging
of the deformation-inducing structures, even though it constitutes a prerequisite in studying forces
applied by complex adhesion structures such as sealing zones (Jurdic et al., 2006).
The speciﬁc objective of this project is thus to design a TFM setup that would allow for mapping
cell forces at 3D nanoscale, in order to access to both in-plane and axial forces applied by submicron
adhesion structures such as podosomes, sealing zones or nascent focal adhesions.
Developing such a technique, which counts no existing equivalent, is thought to represent a matter
of utmost interest to the mechanobiology community, aiming at deciphering the relations between
adhesion structure architecture and signaling processes.
1. In order to design a TFM approach allowing for mapping of 3D nanoscale cell forces, an
imaging method sharing the same resolution is required to assess the substrate topography in
its deformed and relaxed conformations.
2. In order to comply with the super-resolved microscopy detection and live cell observation
requirements, the deformable material on which to seed cells has to be biocompatible, optically
transparent and have an optical index close to that of water (1.33).
3. Furthermore, as it was stated earlier, optimal axial localization precision is met within the
close vicinity of the coverslip. This speciﬁcity dictates that the PAA gel coating should ideally
be no more than 200 nm thick.
4. The material strains induced by cell adhesion structures should have component values superior
to the precision limits in all space directions, in order to be discernable from uncertainties of
measurements. As a ﬁrst approach, expected strain values were evaluated with ﬁnite element
method simulations in the case of an adhesion structure applying nanoNewton forces on a
thin coating of PAA bound to a glass coverslip. In the case of a single podosome protruding
on the substrate, its geometric and mechanic features were extracted from PFM and SIM
results (Proag et al., 2015). Early results point to axial displacements just below the load
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surface application ranging in a few tens of nanometers, which further supports the need for
3D nanoscopy. In the future, FEM simulations could help assess how the cell-probed material
stiﬀness varies with the gel coating thickness and PAA Young’s modulus value. The resulting
information would also be crucial in order to extract force values from displacement amplitudes
quantiﬁed via nanoscopy, as well as to estimate their variation relative to substrate properties.
5. Finally, ﬂuorescent ﬁducial markers embedded on the hydrogel have to be compatible with the
single molecule localization microscopy technique.

3.2.3. Trying to meet the requirements specification point by point
Localization precision in x, y, z directions
Direct optical nanoscopy with axially localized detection (DONALD) is based on the principle that
a ﬂuorophore can be modeled as a dipolar emitter radiating in the far ﬁeld. This dipole also emits
a non-propagative near ﬁeld wave component that depends on the surrounding refractive index nm .
In the presence of an interface with a medium with a greater refractive index ng - such as in the
case with glass compared to water-based observation medium-, the transmitted light follows SnellDecartes law of refraction (Fig. 3.10). The refracted light is emitted within a cone that is limited by
the critical angle θc = arcsin( nnmg ). This component is referred to as under-critical angle ﬂuorescence
(UAF).

Figure 3.10.: Far and near ﬁeld emission components. The far-ﬁeld emission component UAF has
an angular distribution determined by the law of refraction and limited by the critical angle θc (left).
A portion of the near ﬁeld component SAF of a dye molecule located in the near-ﬁeld region is
collected by the objective beyond θc (right). Adapted from Bourg et al., 2015
In the speciﬁc conﬁguration when the ﬂuorophore-interface distance d is smaller than the emission
ﬂuorescence wavelength λe m, then additional SAF emission is observed (Ruckstuhl et al., 2000). The
evanescent near ﬁeld component in the homogeneous medium surrounding the ﬂuorophores becomes
propagative beyond the critical angle θc inside the medium of higher refractive index. SAF emission
can be detected for ﬂuorophores in the observation medium located in this emission wavelength-
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limited vicinity of the coverslip. The SAF intensity potentially represents up to half of all ﬂuorescence
emitted into the coverslip when the ﬂuorophore is in direct contact with the interface (d = 0) (Fort
et al., 2007). Absolute axial localization is obtained through the discrimination between UAF and
SAF signal components. This is achieved with DONALD setup via extracting NSAF indirectly, by
measuring NEPI and NUAF on two simultaneously acquired PSFs. Both these PSFs can thus be
used to compute the lateral 2D super-localization with a good signal-to-noise ratio. Indeed, whereas
the number of UAF photons NU AF remains nearly constant as a function of the interface-ﬂuorophore
distance d, the number of SAF photons NSAF decreases approximately exponentially (Ruckstuhl et
al., 2003). Meaning that the simultaneous measurement of NSAF and NU AF and the computation
NSAF
for each detected ﬂuorophore allows for determining the
of the ﬂuorophore SAF ratio ρSAF = N
U AF
absolute axial position of the ﬂuorophore, d.
DONALD module uses a beamsplitter to split the ﬂuorescence emission into two imaging paths
(Fig. 3.11). The ﬁrst EPI path is directly imaged on half of the EMCCD detector and is used to
compute NEP I for a given PSF. On the second path, the SAF ring is blocked out in the image plane
of the objective back focal plane in order to generate a corresponding UAF-only PSF on the other
half of the EMCCD detector. NU AF is computed from this image.

Figure 3.11.: Direct optical nanoscopy with axially localized detection setup and data analysis. A laser
TIRF stage is connected to the input of a conventional wide ﬁeld microscope. TIRF excitation light passes
through a 4 color ﬁlter-set and an apochromatic TIRF objective of high numerical aperture. The ﬂuorescence
emission of dye molecules is collected by the objective and reﬂected to the DONALD module which splits
the ﬂuorescence into two parts: the EPI part is directly imaged on one half of the camera, and the UAF
part is recorded on the other half (left). First, in the UAF and EPI portions of the frame, each PSF is
super-localized in 2D and the number of UAF and EPI photons are computed via signal integration. Then,
SAF ratio is computed and converted into the absolute dye depth d. (right) Adapted from Bourg et al., 2015

When a ﬂuorophore is imaged on both paths, it is ﬁrst super-localized in 2D using a wavelet
segmentation algorithm (Izeddin et al., 2012). Then, NEP I and NU AF are quantiﬁed via numerical
integration within a PSF region of 9*9 pixels. ρSAF (d) is then computed to determine the depth d of
the ﬂuorophore. The precision of axial localization depends on both observation medium and glass
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IEP Imax
,
coverslip optical indices and the signal-to-noise ratio (SNR) which is deﬁned as SN R = √2πI
EP Imax
where IEP Imax is the maximum intensity of the EPI PSF (Izeddin et al., 2012). The dependence
of SAF ratio, and thus of axial localization precision, on SNR value is represented in Figure 3.11.
Within this conﬁguration, DONALD achieves an iso-3D nanometer resolution, yielding the absolute
axial position of the ﬂuorophores with a precision of approximately 15 nm (Bourg et al., 2015).

Suitability of PAA properties with experimental setup
As stated previously, PAA has been widely used in the context of TFM experiments, and as such its
binding to glass protocol is well-documented. The main stages presented in the following paragraph
have been adapted from previous works (Tse et al., 2010; Aratyn-Schaus et al., 2010; Colin-York
et al., 2017) (Fig. 3.12).

Figure 3.12.: Main steps for the preparation of polyacrylamide-coated coverlsips for a traction force
microscopy experiment. Adapted from Colin-York et al., 2017
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First is a cleaning step of glass coverslips, in order to rid their surface of all impurities and to
boost its hydrophilicity. For our study, the coverslips which were to be coated with PAA were chosen
for their adequacy with super-resolution imaging technique DONALD. Marienfeld high-precision
borosilicate glass coverslips with the thickness no. 1.5H (170 ± 5 µm) and 25 mm diameter were
chosen. The cleaning was carried out using RBS diluted to 2% in deionized water, the solution
was heated up to approximately 80◦ C under magnetic stirring and coverslips were immersed for 10
minutes. An additional set of typical culture 30 mm diameter coverslips were cleaned alongside with
the high-precision ones, for later use in the protocol. All coverslips were then rinsed in deionized
water three times, then once in 70% ethanol.
Next is a surface chemistry modiﬁcation of the high-precision glass coverslips. Coverslips were ﬁrst
incubated with (3-aminopropyl)trimethoxysilane (APTMS) diluted to 10 % in deionized water for 10
minutes. They were rinsed three times in deionized water under agitation. They were then incubated
with glutaraldehyde diluted to 0.5 % in deionized water for 45 minutes at room temperature and
under a light shielding atmosphere. Lastly, coverslips were rinsed once in deionized water and
left to dry under a chemical hood. This coverslip silanization step is necessary to ensure a good
attachment between the PAA gel and the underlying glass substrate. The APTMS treatment grafts
a Si(CH2 )3 NH2 chain onto the previously hydrated glass surface. Then, the primary amine group
reacts with one of both glutaraldehyde aldehyde groups, which leaves an activated glass surface able
to react with PAA presenting amine groups. The 30 mm diameter coverslips were not submitted to
this silanization step.
PAA gel is prepared from 40% acrylamide and 2% N,N’-methylenebis(acrylamide) (bis-acrylamide)
stock solutions, diluted and mixed in deionized water according to the desired properties of the gel.
In this work, only two working solutions were used, in order to give PAA hydrogels with Young’s
modulus value of 10 kPa and 40 kPa. The respective acrylamide/bis-acrylamide ratios corresponding
to these respective material properties were extracted from Tse and Engler recapitulative table in
(Tse et al., 2010). In order to initiate and maintain the radical polymerization process, ammonium
persulfate (APS) 10% solution and tetramethylethylenediamine (TEMED) were added to the solution
with a speciﬁc care not to induce bubbles. After careful homogenization of the solution, a given
volume was pipetted and deposited on the surface of an untreated coverslip. The solution droplet
was then sandwiched between the activated high-precision coverslip and the other non-reactive cover
glass, and left to polymerize for approximately 10 minutes under a chemical hood. When the unused
remnant PAA solution appeared fully polymerized, the sandwiches were placed in deionized water
for an additional 10 minutes in order to rehydrate the gel and facilitate the subsequent sandwich
separation. The untreated 30 mm diameter coverslip was removed from the top of the gel by
carefully sliding a scalpel blade along the in-between space, and gently lifting the cover glass until full
detachment. Lastly, PAA-coated high-precision coverslips were left to further hydrate in deionized
water before characterization.
PAA optical index was elementarily measured in a refractometer by allowing PAA solution to
polymerize inside the observation chamber. Indices for two PAA solutions leading to 10 kPa and
40 kPa gels were evaluated, along with deionized water as control solution. This simple experiment
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yielded that both PAA gel displayed the same optical index - approximately 1.35 - independently of
their Young’s modulus value. What is more, this optical index value is close enough to that of water
- namely approximately 1.33 - to allow for use of PAA with DONALD setup for single molecule
localization microscopy.
In order to estimate possible thickness inhomogeneities due to local roughness, PAA surface topography was assessed thanks to AFM measurements. A thick coating of PAA was bound to glass
slides as previously described, with two diﬀerent Young’s moduli associated coatings. Coating top
surface was imaged with a Bruker JPK NanoWizard III AFM stage mounted on a Zeiss Axiovert 200
inverted microscope, and equipped with a Veeco MLCT-AUHW tip mounted on a silicon nitride cantilever, immersed in deionized water. During imagingthe tip velocity was set to approximately 100,
10 or 1 µm.s−1 depending on the probed area, and the line rate ranged from 0.5 to 1 Hz, according
to the signal quality. For each sample, three images were acquired of respective dimensions 100*100,
10*10 and 1*1 µm2 . Acquisitions were post-processed using JPK Data Processing software. Third
degree polynomial ﬁts were subtracted from each scan line independently and using limited data
range [0%,70%], as well as error pixel values were replaced with the median of neighboring pixels in
order to improve the images for statistical analysis. For each image, root mean squared roughness
was assessed on four squares representing approximately a third of the total acquired surface. Results are shown in Figure 3.13. For both PAA coatings, independently of their material properties,
roughness appeared to decrease with the probed area. Values were approximately two orders of
magnitude lesser than the desired coating surface, conﬁrming that measured thicknesses were widely
distributed due to defects in global planarity of the polymerized gel surface. Furthermore, these
results demonstrated that root mean squared roughness was increased for the 40 kPa gel, compared
to the 10 kPa. This hinted at an increase of roughness depending on the acrylamide/bis-acrylamide
ratio, and is consistent with Stellwagen’s study of pore sizes according to acrylamide/bis-acrylamide
ratio (Stellwagen, 1998).

Figure 3.13.: Comparison of two polyacrylamide coating roughness with AFM (left), and the corresponding acquisitions for 10*10 µm2 areas for Young’s modulus value of 10 kPa (center) and 40
kPa (right). For the statistics corresponding to each dataset, see Table 3.1.
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Table 3.1.: Roughness (nm) analysis of polyacrylamide gels with Young’s modulus value of
10 kPa or 40 kPa.
PAA
PAA
PAA
PAA
PAA
PAA

10
10
10
40
40
40

kPa
kPa
kPa
kPa
kPa
kPa

-

30*30 µm2
3*3 µm2
0.3*0.3 µm2
30*30 µm2
3*3 µm2
0.3*0.3 µm2

Mean

Median

Std Deviation

4.721
1.723
0.784
10.36
16.77
8.073

4.108
1.503
0.746
9.632
17.28
6.881

2.172
0.284
0.149
2.977
1.876
3.858

Forming a thin layer of PAA bound to glass coverslip
PAA-coated sample heights were extensively characterized through the use of a mechanical proﬁlometer in a clean room facility. PAA coating was scratched in order to reveal the glass surface
underneath previous to height measurements. The height diﬀerence between the glass and the top
of the coating was assessed on a few localizations along both sides of the scratch border. The scan
parameters were set to an applied force of 1 mg on a scan length of approximately 400 µm, with a
scan speed of 5 µm.s−1 and a sampling rate of 50 Hz. The height diﬀerence values were assessed far
from the border area. The hydration level of the hydrogel was tuned so that excess water did not
hinder proﬁlometer measurements, and at the same time as the characterized gel was ascertained
not to be dry.

Sandwich coating technique - The ﬁrst approach to decrease the thickness of the PAA
coating was rather simple as it consisted in decreasing the volume of deposited solution before
polymerization. The PAA solution volumes pipetted onto coverslips ranged from 15 µL to 1 µL, and
the corresponding coating thicknesses were evaluated with a mechanical proﬁlometer, as described
above. The results are gathered in the graph presented in Figure 3.14. Brieﬂy, as both 15 and 10
µL droplets yielded a PAA coating approximately 2 µm thick, drastic decrease of the volume to
2 and 1 µL resulted in thicknesses ranging from 800 to approximately 150 nm. However, for each
deposited volume, the thickness distribution spanned a large range between samples, but also when
considering a single coating. This feat highlighted the presence of surface inhomogeneities over the
whole samples, probably due to a major lack of planarity.
The PAA solution volume was further decreased to 0.5 µL and assessed both with the mechanical proﬁlometer and with DONALD setup. To do so, after the ﬁnal rehydration step of the gel,
submicron-sized ﬂuorescent beads were pipetted onto the PAA coating surface and left to settle in
the presence of poly-L-lysine. The beads were then observed using DONALD, and axially localized
following the same protocol as for SAF calibration routine (Bourg et al., 2015). The same samples
were scratched and assessed for PAA gel thickness with the mechanical proﬁlometer. The results
are displayed in Figure 3.15, and show that both measurement techniques yield the same tickness
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Figure 3.14.: Polyacrylamide thickness measurements by proﬁlometry, corresponding to the deposition of a decreasing solution volume.
range. What is more, with this drastically reduced volume, PAA coatings approximately 200 nm
thick were apparently achievable, yet prone to poor reproducibility.

Figure 3.15.: Polyacrylamide thickness measurements performed by either proﬁlometry or with
DONALD setup, corresponding to the deposition of a 0.5 µL solution volume.

PAA coating with a nano-imprint machine - Given the obvious lack of reproducibility
in assigning a restrained range of coating thickness to a given PAA solution volume, improvements
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in homogeneously spreading the gel were explored. The adopted approach consisted in axially
constraining the sandwich during the polymerization process. To do so, samples were placed in a
nano-imprint NANONEX machine upon the initiation of vinyl addition polymerization. The general
concept of nano-imprinting is based on applying pressure on membranes, in between which the sample
is placed and submitted to an equally distributed constraint. This homogeneous pressure ensures the
pattern transfer from the mold to the sample being shaped. Here, the coverslip standing in place of
the mold is the untreated coverslip, which is supposed to transfer its ﬂat surface onto the polymerizing
PAA. The nano-imprint process main stages are as follows: ﬁrst pressure is decreased between the
membranes by pumping, then a pre-imprint pressure is progressively applied to the system before the
main imprint phase is started, with an applied pressure value greater than the pre-imprint one, ﬁnally
the whole system is ventilated in order to reach back atmospheric conditions. Thermic treatment
of the samples can be implemented as both pre-imprint and imprint phase temperatures can be set
and monitored, as well as UV-treatment can be performed with a given exposition dose during the
imprint stage.
The ﬁrst experiments solely explored the inﬂuence of the imprint phase pressure on the homogeneity of the measured coating thicknesses. To do so, 4 imprint conditions were tested: pre-imprint
pressure was set to either 120 PSI or 50 PSI; imprint pressure values were assigned to either 400,
200, 100 or 50 PSI; and imprint phase duration was ﬁxed for 5 minutes. A droplet of 2 µL of PAA
solution was pipetted onto the untreated coverslip, covered with an activated high-precision coverslip
and placed in between the membranes. The polymerized gel was then allowed to rehydrate in deionized water before and after sandwich separation, following the same protocol as described earlier.
Surprisingly, increasing the pressure during the imprint phase did not induce decrease of coating
thickness. Furthermore, no speciﬁc pressure combination seemed to yield a tightened distribution of
measured thicknesses. The results are presented in Figure 3.16.
Given the previous results, another approach was to modify other peripheral imprint parameters.
The various tested conditions were:
• PAA solution was forced to spread on a wider area by sliding the two coverslips relatively to
each other,
• two silicon wafers were placed additionally to the membranes in order to provide samples with
a ﬁrmer and ﬂatter base,
• pumping time was set to last 1 minute in order to increase the vacuum between the membranes
prior to the imprinting process,
• temperature was arbitrarily increased to 60◦ C during the main imprint phase.
As before, samples were allowed to rehydrate before thickness measurements were carried out. The
results are summarized in Figure 3.17. The only imprint condition which gave highly reproducible
results was the condition in which pumping was performed prior to increasing the applied pressure
on the membranes. However, the resulting mean thickness was still greater than the desired range
of 200 to 300 nm.
In order to decrease the thickness of the coating, further experiments were carried out in which
either the deposited PAA solution volume was decreased to 0.5 µL, or the pumping time was increased
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Figure 3.16.: Polyacrylamide thickness measurements by proﬁlometry, depending on the applied
pressure with NANONEX machine, corresponding to the deposition of a 2 µL solution volume.

Figure 3.17.: Polyacrylamide thickness measurements by proﬁlometry, depending on the nanoimprint conditions with NANONEX machine, corresponding to the deposition of a 2 µL solution
volume.For the statistics corresponding to each dataset, see Table 3.2.
from 1 to 2 minutes. However, no coating thickness measurements could be recorded in these cases
as the gel strangely appeared too hard to scratch on some samples, as if it had crystallized. From
this observation, the 2 minute pumping condition was discarded as it was hypothesized that the
sudden plummeting of the pressure between the membranes might alter the PAA solution properties
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Table 3.2.: Thickness (nm) analysis of polyacrylamide gels shaped with NANONEX machine, with varying process conditions.
Control
Between wafers
Manual spreading
Heating during imprint
Pumping 1 min

Mean

Median

Std Deviation

329.4
527
457.3
388.6
442.7

282
503
419.5
383
433

121.4
101.2
240.9
108.8
35.21

and interfere with its polymerization process. Instead, experiments were again carried out combining
pumping prior to imprint and mild heating during the imprint phase.
For this set of experiments, PAA coating thicknesses were solely assessed with DONALD imaging,
as described in the previous paragraph. The tested deposited volumes were 1 µL and 2 µL, and
the thickness measurement results are displayed in Figure 3.18. Surprisingly so, once again the
various imprint conditions yielded approximately the same mean coating thickness. However, in
this particular case, the desired coating thickness was obtained. What is more, the condition in
which 1 µL of PAA solution was placed between coverslips to polymerize with the following imprint
parameters:
• pumping for 1 minute,
• pre-imprint pressure of 120 PSI, at room temperature,
• imprint pressure of 400 PSI, at 50 ◦ C, for 5 minutes,
• venting at 55◦ C,
appeared as the optimal protocol to obtain highly reproducible 200 nm thick PAA coatings.

Figure 3.18.: Polyacrylamide thickness measurements by proﬁlometry, depending on the thermal
nano-imprint conditions with NANONEX machine, and the deposition of a decreasing solution volume. For the statistics corresponding to each dataset, see Table 3.3.
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Table 3.3.: Thickness (nm) analysis of polyacrylamide gels shaped with NANONEX machine, with varying process temperature and solution volume.

V
V
V
V

= 1µL
= 1µL
= 2µL
= 2µL

RT
50◦ C
RT
50◦ C

Mean

Median

Std Deviation

208.1
209.5
204.9
201.5

215.5
211
207
205

23
9.98
14.05
20.93

Blinking ability of fluorescent markers in PBS
As the objective of PAA coating thickness was seemingly achieved, the embedding of displacement
markers was next explored.

Testing FluoroNanogold - Here, instead of usual submicron ﬂuorescent beads, gold nanoparticles covalently coupled with approximately 2-3 Alexa Fluor (AF) molecules were made use of.
Alexa Fluor 488 and 647 FluoroNanogold reagents consist of aﬃnity-puriﬁed Fab’ fragments conjugated to both Alexa Fluor (AF) 488 or 647 dye and the 1.4 nm Nanogold particle (Fig. 3.19)
(Liu et al., 2002). Both AF488 and AF647 ﬂuorophores were tested, as AF647 is typically used
in single molecule localization microscopy routines and early ﬁrst-hand explorations revealed that
phalloidin AF488-staining of cells observed in PBS displayed a blinking emission pattern, possibly
suitable for single molecule detection. First observation tests were carried out by simply letting
Fluoronanogold particles settle on clean glass coverslips, and observing them with DONALD setup
in PBS. Qualitative analysis of the acquisitions revealed that while AF488-coupled Fluoronanogold
probes seemed to blink, AF647-coupled Fluoronanogold probes showed more photobleaching events
than real on-and-oﬀ switch cycles. Hence, AF488-coupled Fluoronanogold probes were further used
in this study.

Figure 3.19.: Schematic representation of Alexa Fluor 488-coupled Fluoronanogold particle (left),
and Alexa Fluor 647-coupled Fluoronanogold particle (right). Adapted from the commercial website
www.nanoprobes.com.
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A ﬁrst approach consisted in mimicking typical TFM protocols, in which the ﬂuorescent beads used
as markers are spin-coated onto the inactivated coverslip prior to forming the PAA sandwich. This
allows the ﬂuorescent beads to be adsorbed into the topmost part of the gel when it is polymerizing.
Fluoronanogold coupled with Alexa Fluor 488 were diluted at either 1/1000 or 1/500 in poly-Llysine, and spin-coated at speed 400 rpm and acceleration 200 rpm.s−1 . They were then used in
PAA sandwiches as was described earlier. Some coverslips were kept as they were after spin-coating,
in order to compare the ratio of transferred ﬂuorescent particles during polymerization (Fig. 3.20).
However, observation of the diﬀerent coverslips showed that few particles really did blink when
embedded in the gel, and that continuous background noise hindered ﬂuorophore optimal detection.

Figure 3.20.: Analysis of particle distribution before and after transfer on polyacrylamide gels, for
two dilutions of AF488-coupled Fluoronanogold particles.

Testing Alexa Fluor fluorophores - Possible use of other Alexa Fluor coupled probes was
then investigated. Fluoronanogold probes were compared to AF-coupled secondary antibodies and
AF488-coupled cadaverine, which were directly grafted on the glass coverslips after air plasma treatment of their surface for 5 minutes, with 50 W power and 0.5 mbar pressure. Another approach
consisted in covalently binding the ﬂuorescent markers directly onto the surface of the PAA coating. This approach presented the main advantages of theoretically increasing the marker surface
density as it would directly depend on the availability of free binding groups, and of limiting the
potential direct interaction of cells with markers that would not have been well embedded in the gel,
thus decreasing the probability of overestimating or misplacing the resolved deformations. To do so,
sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate (sulfo-SANPAH) provided a well-suited
adaptor to create a covalent link between PAA surface and potential ﬂuorescent markers. Indeed,
sulfo-SANPAH is a hetero-bifunctional cross-linker, that contains two amine-reactive groups:
• a N-hydroxysuccinimide (NHS) ester group which reacts eﬃciently with primary amino groups
(-NH2) in pH 7–9 buﬀers to form stable amide bonds;
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• a photoactivatable nitrophenyl azide group, which notably forms subsequent ring expansion
to react with a nucleophile (e.g., primary amines) upon activation by UV light exposition at
320-350 nm.
After the last rehydration phase described in the previous paragraphs, PAA coatings were rinsed
once in a HEPES 0.1 mol.L−1 solution buﬀered at pH=8.5. They were then incubated with sulfoSANPAH diluted in HEPES and exposed to 365 nm UV light with a power of 120 W, during 10
minutes. The gels were then rinsed three times in the same basic HEPES solution, and submitted
to another UV-exposition cycle in the presence of sulfo-SANPAH. The samples were ﬁnally rinsed
three times with HEPES, and once with deionized water.
All samples were incubated with their respective ﬂuorescent marker solution overnight to ensure
a high attachment ratio, and were subsequently imaged with DONALD setup in PBS. Two exposure
times were tested: 50 ms and 200 ms, in order to possibly counterbalance slow blinking dynamics,
while keeping a similar total acquisition duration. The acquisitions were then quantitatively contrasted based on their median photon number counts emitted during the whole imaging timespan
(Fig. 3.21). For all ﬂuorescent markers, an increase in median photon number is obtained with a
longer exposure time, as expected. The best results were obtained with AF488-coupled cadaverine
grafted on PAA via sulfo-SANPAH crosslinking.

Figure 3.21.: Median photon number corresponding to EPI signal (left), and UAF signal (right),
depending on the exposure time of polyacrylamide gels coated with various ﬂuorescent markers.
This mode of integrating ﬂuorescent probes was further explored by varying exposure times from
25 ms to 200 ms, while still keeping a similar total acquisition duration. Acquisition results were
again quantiﬁed for median EPI and UAF photon numbers (Fig. 3.22). While seemingly optimal
mean inter-ﬂuorophore distance was achieved with the highest temporal rate, the emitted photon
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numbers for both EPI and UAF signals represented less than half of what had been detected with
lesser temporal acquisition rate. This was also coupled with greater background noise, meaning
minimal SNR values and thus poor detection eﬃciency. Hence, and as the three other exposure
conditions appeared to yield similar results, the 50 ms time exposure was elected as the best-suited
exposure time. Indeed, it allowed for a good SNR value, with an inter-ﬂuorophore distance just
above the lateral localization precision and a satisfactory acquisition rate for observing dynamic
events.

Figure 3.22.: Median photon number corresponding to EPI signal (left), and UAF signal (right),
depending on the time exposure of polyacrylamide gels coated with AF488-coupled cadaverine.

Testing optimal observation conditions
Having found an apparently suitable way to graft ﬂuorescent markers on top of the PAA coating, it
was next explored which observation conditions were optimal with the DONALD microscopy setup.
To do so, the sample preparation followed the same coverslip cleaning and activating steps, as well
as:
• 10 kPa PAA coating of the high-precision coverslip with the usual sandwich technique, pipetting only a 0.5 µL volume of solution and spreading it by sliding the coverslips before letting
it polymerize;
• surface activation of PAA through grafting of sulfo-SANPAH under UV light to make it
reactive to primary amine groups;
• coating of the PAA surface with the ﬂuorescent marker and/or with an ECM protein.
For this set of experiments, it is noticeable that the PAA coating of the coverslips was once again
performed manually and not using NANONEX nano-imprint machine, in order to simplify the time-
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consuming protocol. What is more, as for this phase of the study PAA coatings were destined for
cell culture, all stages of the protocol were performed under a sterile hood, all solutions were sterile
ﬁltered with 0.2 µm membrane ﬁlters and deionized water was replaced with sterile distilled water.

Optimal ECM coating and fluorophore embedding for cell adhesion - In order to
conﬁrm the previous choice of ECM protein to use for coating the PAA gels, tests were carried out
on 3T3 ﬁbroblasts. PAA gels were prepared until the sulfo-SANPAH activation step as described
previously, then were incubated with various combinations of solutions:
• AF488-coupled cadaverine (1/1000) and Arg-Gly-Asp peptide (RGD, 10 µg.mL−1 ) mixed
together in sterile distilled water;
• AF488-coupled cadaverine (1/1000) and ﬁbronectin (10 µg.mL−1 ) mixed together in sterile
distilled water;
• AF488-coupled cadaverine (1/1000) only, then RGD (10 µg.mL−1 );
• AF488-coupled cadaverine (1/1000) only, then ﬁbronectin (10 µg.mL−1 );
• AF488-coupled cadaverine (1/1000) only, as a negative control.
The ﬁrst incubation time was set to overnight in a light-blocking case under a sterile, then for the
additional coatings the incubation time was set to 3 hours in the same conditions. PAA gels were
rinsed once in sterile distilled water before being placed in contact with the additional ECM protein
coating solution.
After all coatings were done, PAA gels were rinsed once with sterile distilled water, once with
warm serum-supplemented culture medium (DMEM), and were eventually left to soak in culture
medium in an incubator (37◦ C, 5% CO2 , humidity controlled) for at least 3 hours. Cells were
prepared for seeding on the gels, aiming at approximately 5000 cells per PAA gel and left to adhere
in serum-deprived medium for 15 minutes, then serum-supplemented medium was added to the
culture wells.
Overall, 3T3 ﬁbroblasts were left to adhere on the coated PAA gels for 2 hours before ﬁxation
with a paraformaldehyde and sucrose in PBS solution. They were then stained with TexasRedcoupled phalloidin and observed with a wide ﬁeld ﬂuorescence microscope (LEITZ DMRB, Leica)
equipped with an oil immersion 63x objective. At least a dozen cell images were blindly acquired
for each condition, except for the negative control coverslip on which very few cells were adherent.
Acquisitions were analyzed with ImageJ Threshold and Analyze Particles tools in order to evaluate
cell area and cell circularity for each condition. The results for one experiment are presented in
Figure 3.23. As expected, only coating PAA with AF488-coupled cadaverine yielded low spreading
areas along with rounded cells, indicating that this condition was not optimal for TFM-oriented cell
observation. When comparing RGD with ﬁbronectin coating directly mixed with AF488-coupled
cadaverine, not one ECM protein seemed to surpass the other. However, when comparing RGD and
ﬁbronectin coating subsequent to AF488-coupled cadaverine, ﬁbronectin appeared to faintly improve
spreading of elongated cells, as is expected of ﬁbroblastic phenotypes. Notwithstanding this slight
diﬀerence, it appeared that any of the ECM protein and ﬂuorescent marker coating condition would
be adapted to TFM-oriented observations. For the following experiments, RGD was then solely used
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for ECM protein coating.

Figure 3.23.: Measurements of 3T3 ﬁbroblast cell area (left), and cell circularity (right), depending
on the coating conditions of polyacrylamide gels coated with AF488-coupled cadaverine and ECM
protein. For the statistics corresponding to each dataset, see Table 3.4 for cell area, and Table 3.5
for cell circularity

Optimal ECM coating and fluorophore embedding for observation - On the other
hand, another set of PAA gels were coated with AF488-coupled cadaverine and RGD as described
for cell seeding, but were directly observed with DONALD microscopy setup in various conditions.
AF488-coupled cadaverine was tested with two dilutions: 1/500 and 1/1000 with or without being
coated alongside RGD, samples were observed in PBS or in FluoroBrite medium, and were imaged
either at room temperature or in a 37◦ C temperature controlled environment. FluoroBrite medium
was chosen for this set of tests as it features a background ﬂuorescence that is comparable to PBS and
90% lower than that emitted by standard phenol red–free DMEM, while being completely suitable

Table 3.4.: Area (µm2 ) analysis for 3T3 ﬁbroblasts plated on polyacrylamide gels, depending
on the gel coating conditions.
AF488
AF488
AF488
AF488
AF488

cadaverine
cadaverine
cadaverine
cadaverine
cadaverine

only
+ RGD
+ FN
then RGD
then FN

Mean

Median

Std Deviation

964.8
1775
2445
1733
2572

871
1669
2509
1683
2568

355
878
1138
971
1318

133

Chapter 3. Developing new substrates for the characterization of podosome mechanical properties
and topography sensing with super-resolution microscopy

Table 3.5.: Circularity analysis for 3T3 ﬁbroblasts plated on polyacrylamide gels, depending
on the gel coating conditions.
AF488
AF488
AF488
AF488
AF488

cadaverine
cadaverine
cadaverine
cadaverine
cadaverine

only
+ RGD
+ FN
then RGD
then FN

Mean

Median

Std Deviation

0.368
0.292
0.293
0.401
0.233

0.359
0.255
0.277
0.444
0.214

0.142
0.182
0.134
0.137
0.121

for cell culture. It is also advertised for its providing enhancement of ﬂuorescence signal during
live-cell imaging.
The same samples were then observed twice at room temperature with either PBS or FluoroBrite
medium, then twice again at 37◦ C with either PBS or FluoroBrite. Acquisition parameters were set
as follows, and were kept unchanged for all samples in a series of observations:
• exposure time was 50 ms;
• ROI size was 300*300 px;
• laser power was 50% of its maximum dose;
• TIRF depth ranged from 120 to 130 nm depending on experimentation series;
• 2000 images were acquired on three diﬀerent zones or each samples.
Acquisitions were then post-processed using NEMO Software for super-localization and driftcorrection steps, and molecule coordinates were further ﬁltered to suppress cases of multiple axial
detection of the same ﬂuorescent marker. Resulting images were treated with ImageJ Analyze Particles tool. From these analyses, parameters were extracted in order to assess for optimal observation
conditions, and are listed thereafter:
• median EPI and UAF photon number to characterize the emission eﬃciency of ﬂuorescent
markers;
• surface density of ﬂuorescent markers, and mean inter-molecule distance to estimate the inplane attainable displacement resolution.
The results for each of these parameters are presented in graphs shown in Figure 3.24 for RT
experiments, and in Figure 3.25 for 37◦ C experiments. The values from two independent sample
sets were pooled to obtain these graphs. Examination of the various results yielded two optimal
observation conditions:
• for room temperature observation, coating the PAA gels with AF488-coupled cadaverine diluted at 1/500 and mixed with RGD, and imaging them in PBS lead to greater values of EPI
and UAF photon numbers, as well as a high density of ﬂuorescent marker coupled with a mean
inter-particle distance of approximately 50 nm;
• for 37◦ C observation, the same coating this time imaged in FluoroBrite medium gave the
best EPI and UAF photon number values along with a restrained axial distribution, high
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in-plane particle density and minimal inter-marker distance of approximately 50 nm. These
encouraging results supported two conclusions:
• the optimal PAA gel observation is obtained when coating PAA with a mix of ﬂuorescent
markers and ECM protein, and imaging the hydrogel in FluoroBrite medium at 37◦ C - as it
is the temperature that will be prescribed for cell experiments;
• observing the PAA hydrogels in a heated environment did not signiﬁcantly decrease the observation and localization eﬃciency of the DONALD setup, which hints at its suitability to
be used in live cell contexts.

Figure 3.24.: Quantiﬁcation of useful observables for TFM imaging: ﬂuorescence emission eﬃciency
and ﬂuorescent marker distribution, depending on AF488-coupled cadaverine-coating conditions and
observation medium, at room temperature. For the statistics corresponding to each dataset, see Table
3.6 for EPI photon numbers; Table 3.7 for UAF photon numbers; Table 3.8 for ﬂuorescent marker
density; Table 3.9 for mean inter-marker distance
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Table 3.6.: Median EPI photon number analysis for observation conditions at room temperature
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/500 then RGD PBS
1/500 then RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB
1/1000 then RGD PBS
1/1000 then RGD FB

Mean

Median

Std Deviation

1458
1128
3440
2368
2208
1468
1529
1282
2737
2324
1550
1043

1427
1080
3286
2363
2035
1360
1402
1188
2671
2248
1518
1057

311.5
257.2
1059
272.5
1242
678.5
557.1
219.4
959
1093
587.7
81.14

Table 3.7.: Median UAF photon number analysis for observation conditions at room temperature
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/500 then RGD PBS
1/500 then RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB
1/1000 then RGD PBS
1/1000 then RGD FB
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Mean

Median

Std Deviation

919.8
726.5
2219
1440
1298
914.8
948.7
793.7
1636
1383
936.7
695.5

913
705
2091
1446
1199
861.5
877
749
1586
1366
918.5
701

119.9
134.1
560.2
106.5
632.6
338.5
234.7
83.07
443.8
550.9
276.9
30.91
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Table 3.8.: Fluorescent marker density (µm−2 ) analysis for observation conditions at room
temperature
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB

Mean

Median

Std Deviation

67.83
66.46
230.6
191
129.4
97.26
199.2
214.9

68.81
65.1
235.8
189.4
118.4
86.92
197.2
223.8

32.82
13.64
13.82
47.3
34.97
25.28
44.19
38.45

Table 3.9.: Mean inter-marker distance (nm) analysis for observation conditions at room
temperature
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB
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Mean

Median

Std Deviation

147
124.3
65.93
73.79
89.63
103.1
71.98
68.94

120.8
125.2
65.13
73.77
91.9
107.3
71.71
67.04

81.32
12.79
2.10
9.21
10.47
10.51
8.11
6.53
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Figure 3.25.: Quantiﬁcation of useful observables for TFM imaging: ﬂuorescence emission eﬃciency
and ﬂuorescent marker distribution, depending on AF488-coupled cadaverine-coating conditions and
observation medium, at 37◦ C. For the statistics corresponding to each dataset, see Table 3.10 for
EPI photon numbers; Table 3.11 for UAF photon numbers; Table 3.12 for ﬂuorescent marker density;
Table 3.13 for mean inter-marker distance
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Table 3.10.: Median EPI photon number analysis for observation conditions at 37◦ C
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/500 then RGD PBS
1/500 then RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB
1/1000 then RGD PBS
1/1000 then RGD FB

Mean

Median

Std Deviation

1360
1565
2590
3479
896.7
466.7
1808
2012
1762
1617
1053
1154

1345
1565
3297
3535
886
469
1737
1825
1738
1615
1044
1162

411.7
437.6
1064
281.7
22.03
11.68
197.4
348.5
398.3
300.6
25.32
36.12

Table 3.11.: Median UAF photon number analysis for observation conditions at 37◦ C
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/500 then RGD PBS
1/500 then RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB
1/1000 then RGD PBS
1/1000 then RGD FB
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Mean

Median

Std Deviation

920.7
1039
1907
2217
660.3
466.7
1248
1314
1172
1080
759.7
808

910.5
1043
2252
2282
662
469
1210
1186
1156
1080
747
816

241.9
245.5
507.3
188.5
9.61
11.68
148.9
236.2
232.4
169.9
23.12
24.02
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Table 3.12.: Fluorescent marker density (µm−2 ) analysis for observation conditions at 37◦ C

cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB

Mean

Median

Std Deviation

164.4
209.4
227.7
352.8
203
222.2
216.1
210.8

171.4
210
329.3
354
205.3
231.4
216.9
209.5

75.29
78.46
148.5
2.16
11.15
32.5
80.92
75.38

Table 3.13.: Mean inter-marker distance (nm) analysis for observation conditions at 37◦ C
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488
cadavAF488

1/500 only PBS
1/500 only FB
1/500 mix RGD PBS
1/500 mix RGD FB
1/1000 only PBS
1/1000 only FB
1/1000 mix RGD PBS
1/1000 mix RGD FB
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Mean

Median

Std Deviation

84.28
72.45
82.39
53.24
70.25
67.58
71.3
71.87

79.03
71.18
55.1
53.15
69.8
65.79
70.61
71.86

21.71
14.1
38.21
0.16
1.95
5.39
13.79
13.22
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First TFM tests
Based on the previous results, exploratory tests were conducted to try and more fully assess the
feasibility of a super-resolution TFM experiment with an alpha-version of the developed system.
The PAA hydrogel-coated sampled were prepared following the same protocol as described in the
previous paragraph, and the gel surface was coated with AF488-coupled cadaverine (1/500) mixed
with RGD (10 µg.mL−1 ) overnight. They were then left to soak in serum-deprived FluoroBrite, in
the incubator before cell seeding.
3T3 ﬁbroblasts were again used for these experiments, as a cell model presenting focal adhesions
which have been shown to apply 3D constraints on deformable substrates (Legant et al., 2013). In
order to spot focal adhesion-forming cells when imaging the gel substrates, cells were transfected one
day prior to TFM tests using FuGENE HD transfection kit and ﬂuo-tagged viral DNAs. The ﬂuotagged viral DNAs used in these tests were Lifeact mCherry and Zyxin RFP, as they stain F-actin or
a protein related to focal adhesion, respectively. Transfected cells were trypsinized and resuspended
in serum-deprived FluoroBrite medium before seeding on PAA gels. They were left to adhere 15
minutes, before adding serum-supplemented FluoroBrite medium and left to further adhere for an
additional 2 hours. The coverslips were mounted in ethanol-sterilized observation chambers, and
immersed in warm serum-deprived FluoroBrite DMEM.
Cells were observed with the DONALD setup a follows:
• red ﬂuorescent staining was searched to select one cell to image;
• one light-transmission image was taken of the selected area;
• AF488-coupled cadaverine was imaged with a laser power of 55%, exposure time was set at
50 ms, TIRF depth was ﬁxed at 120 nm and 2500 images were acquired.
• 1 mL of FluoroBrite medium was gently replaced with 0,5% w/v sodium dodecyl sulfate (SDS)
solution, and left to lyse cells for 5 minutes;
• another light-transmission snapshot was taken to ensure that the selected cell was well rounded
and non-adherent;
• 2500 images of AF488-coupled cadaverine were again acquired with a slightly increased laser
power of 60%.
Single molecule images were then pre-processed for super-resolved localization, and analyzed for inplane displacements with ImageJ plugins analogous to usual TFM acquisitions. The key steps were
as follows:
• a stack was created by concatenating the single molecule image acquired after cell removal to
the one obtained with a plated cell;
• slices were aligned in the stack using Template matching plugin, with a matching method
based on normalized correlation coeﬃcient and without subpixel registration;
• basic iterative particle image velocimetry (PIV) analysis was carried out with PIV plugin,
using various PIV interrogation window sizes ranging from 128 to 512 px - on whole images
of size 3240*3240 px - and the correlation threshold value set to 0.6;
• PIV post-processing was performed with PIV plugin, with normalized median test (NMT)
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and dynamic mean test (DMT) parameters set to default values.
As none of the PIV analyses gave satisfactory results, the same steps were carried out on “static”
acquisitions extracted from the various optimal observation condition tests. Yet again, PIV analysis
displayed irrelevant and preposterous results. Indeed, it yielded huge displacement values heterogeneously distributed over the whole surface, spanning all directions, even though the two compared
images were generated from the same stack, with overlapping data.
Overall, these explorations were still mostly conclusive on some points, and thir outcome is
summarized in Table 3.14. Thanks to the nano-imprint machine, thin and reproducible coatings
of polyacrylamide were deposited on glass coverslips compatible with super-resolution microscopy.
Polyacrylamide gels were successfully coated with matrix proteins to allow cells to spread and form
adherence structures. However, even if ﬂuorophores compatible with super-resolution microscopy
in live conditions were eﬃciently embedded on the gel surface, their localization in the deformed
and relaxed states lacked suﬃcient axial precision and in-plane distribution similarities in order to
estimate cell-induced deformations.

3.2.4. Possible improvement strategies
The ﬁrst major point worthy of discussing is the obvious lack of statistically relevant dataset for
most of the described experiments. Indeed, most of the presented experiments were performed on
at most two independent sample preparations. This feat accounts for the purposefully restricted
display of statistics computed on experimental results. As this project was assigned to a limited
time span, and proved to raise more questions and technical challenges along the way, it was chosen
not to pursue it further. However, if it was to be picked up for more thorough explorations, it would
be paramount to perform the same previously described tests on multiple independent samples and
conﬁrm - or possibly rebut - the established results, so far.

Evaluation of DONALD localization precision in 3D
In-plane localization - Something which was not considered in the previous paragraphs is the
addition of a second optical interface to pass through for the emitted ﬂuorescence signals. Indeed,
as it has been stated when establishing DONALD detection principle, characterizing both the UAF
and SAF signals at the medium-glass interface is the foundation of the acute absolute axial detection
(Bourg et al., 2015). Here, the addition of another interface most certainly alters the propagation
properties of the emitted ﬂuorescence, and would thus induce required modiﬁcations of the PSF
characterization parameters, as well as adjustments in segregating EPI and UAF signals. The inﬂuence of a slight increase in the observation medium index - to a value of 1.35 - has been tackled
in the PhD work of Bourg (Bourg, 2016). It was then stated that localization precision was highly
impacted by this shift in optical index value and would ideally require a speciﬁc optimization of
the DONALD module. However, an estimation of the evolution of the accuracy error value with
the emission source depth could help correcting the axial detection of ﬂuorophores in a 1.35 index
medium. It would be of the utmost interest to theoretically investigate how propagative and evanes-
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Table 3.14.: Synthesis of 3D super-resolution TFM development main challenges and the
proposed optimal solution according to this study
Main challenge

Optimal solution proposed

Results

Using an imaging technique
allowing for submicron precision in 3D

Imaging with DONALD setup

Localization
precision
of
15x15x15nm
according
to
Bourg’s work (Bourg et al.,
2015; Bourg, 2016)

Using a deformable material with an optical index as
close as possible to that of
water n = 1.33

Use of polyacrylamide gel as a
deformable coating

Measurement of PAA optical index by refractometry n = 1.35

Obtaining a ﬂat surface for
the deformable material in
an unstressed conformation

Shaping polyacrylamide coatings by sandwiching the hydrogel between two glass coverslips
+ adapting the acrylamide/bisacrylamide ratio

Measurement of surface roughness with AFM: between 1/200
and 1/50 of ideal thickness for
10kPa PAA

Shaping a 200 nm thick
coating of deformable material and a ﬁnding reproducible process

Using a nano-imprint machine
for the polymerization step and
tuning its imprint parameters:
volume, time, pressure and temperature

Measurement of PAA coating
thickness by proﬁlometry or
with DONALD setup: 210 nm

Embedding
ﬂuorescent
ﬁducial markers in/on the
deformable material

Grafting AF488-coupled cadaverine onto PAA surface via
sulfo-SANPAH crosslinking

Observation of satisfactory
blinking ability in PBS with
DONALD setup

Embedding an ECM protein to promote cell adhesion with ﬁducial markers
in/on the deformable material - for optimal cell adhesion formation

Grafting RGD or ﬁbronectin
and AF488-coupled cadaverine
at the same time on PAA via
sulfo-SANPAH crosslinking

Assessment of cell phenotypes
on PAA gels via wideﬁeld observation of immunostaindes samples

Embedding an ECM protein to promote cell adhesion with ﬁducial markers
in/on the deformable material - for optimal observation conditions

Grafting RGD and AF488coupled cadaverine at the same
time on PAA via sulfo-SANPAH
crosslinking, observing in FluoroBrite medium at 37 ◦ C

Assessment of geometric characteristics of ﬁducial marker distribution and ﬂuorescence signal
quality with DONALD setup
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cent wave components are impacted in the presence of two successive step-index interfaces. Then,
experimental data ought to be compared to theory predictions in order to establish whether speciﬁc
alterations to the commercialized DONALD module should be introduced for its application with
PAA gel-coated coverslips.

Axial localization - What is more, recent improvements have been implemented to widen the
depth range in which localization precision slowly varies with precisions down to 15 nm. The axial
localization is performed through a combination of PSF shaping and SAF, which yields absolute
axial information over a 1 µm range (Cabriel et al., 2019). Additionally, SAF analysis has also
been implemented with more conventional microscopy techniques such as STED. Indeed, STEDSAF implementation beneﬁts from a straightforward gain in axial resolution via nanometer axial
sectioning, only requires a modiﬁcation in the detection path of the STED microscope and thus could
be widely implemented (Sivankutty et al., 2019). These feat could induce a less strict restriction
for the PAA-coating thickness range, while still dependent on the inﬂuence of the presence of two
optical interfaces.

Assessment of the mechanical properties of PAA thin gels
PAA coating roughness was solely assessed after its shaping via the usual sandwich protocol. It would
be interesting to probe its surface with AFM after its processing with the nano-imprint machine.
Indeed, as it has been noticed in the experimental section, some gels displayed apparent increased
“stiﬀness” or crystallization patterns. Visualization of its surface state would help understanding if
such a process alters PAA material properties. These observations could represent key information
for further tuning the optimal nano-imprint parameters.
Furthermore, this study also lacked in assessment of the mechanical properties of the PAA coating.
Indeed, Young’s modulus value was only discussed when measuring PAA roughness but was then
completely overlooked. However, little is known about mechanical behaviors at the submicron scale.
They have been explored thanks to adapted nanoindentation methods, mostly in the context of
stiﬀer materials such as crystalline materials (Kulkarni et al., 1996; Sundararajan et al., 2002a;
Sundararajan et al., 2002b), ﬁber epoxy composites (Syed Asif et al., 2001) or polymers (Nowicki
et al., 2003). In the speciﬁc case of hydrogels, material properties at the submicron scale would be
expected to substantially depend on the volumetric organization of polymer chains - their orientation,
the order degree of the network-, their length statistical distribution, their crosslinking degree and
their water content. Such characteristics could be attainable through Raman spectroscopy analysis
(Gupta et al., 1981; Ahern et al., 1988), and would hence require the establishment of a related
submicron mechanical model accounting for mesoscale behavior - as the cells would sense the material
(Oyen, 2014).
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Characterization of blinking illumination in water-based observation media
An issue that was not tackled in this study is the characterization of the blinking temporal pattern
of ﬂuorophores. Indeed, AF488-coupled cadaverine was eventually selected due to its high photon
number emission and nearly continuous staining of the PAA-surface. The simple fact that so much
ﬂuorophores per observed area were seemingly detected conﬁrms their ability to emit ﬂuorescence
with a time-varying intensity pattern. However, the characteristics of these oscillations were not
assessed, neither was the fact whether one ﬂuorophore was eﬀectively able to be switched on and oﬀ
a few times. Knowing this feat would further help adjusting the optimal laser exposure time.
Besides, another major ﬂuorescent signal characteristic was not explored during this study: the
SNR value associated with the various observation conditions. As it has been stated in the work
of Bourg and colleagues, SNR value aﬀects DONALD localization precision (Bourg et al., 2015). It
would be essential to carry out further analysis of the available raw data to evaluate SNR values
in order to conﬁrm - or refute - the presented choice for ﬂuorophore and observation conditions.
Speciﬁcally, as noted earlier, given the additional complexity of a second optical interface, SNR
value would be expected to drastically impact localization precision.

Visualization of PAA surface after AF488+RGD coating
As it was performed on bare PAA surface, AFM probing of local topography after ﬂuorophore and
ECM protein coating would provide valuable insight to the local environment which subsequently
seeded cells would probe. Indeed, AF488-coupled cadaverine and RGD peptide diﬀer in size, polarity,
chemical aﬃnity and 3D conformation possibilities. It would thus be expected that their grafting
on a nanometer rough surface would result in possible enhanced roughness. AFM probing would
also reveal whether such coating results in alteration of the material surface geometry, hence adding
geometric cues to this artiﬁcial cell substrate.
Furthermore, more extensively characterizing the respective surface distributions of AF488-coupled
cadaverine and ECM protein would allow for better comprehension of the theoretically attainable
spatial rendering of the gel surface on one hand, and of the cell adhesion eﬃciency on the other hand.
Indeed, as integrins require clustering to promote cell adhesion structure formation (Campbell et al.,
2011; Huttenlocher et al., 2011) and knowing that the RGD-integrin bond is weaker compared to the
full-length ECM protein-integrin bond (Redick et al., 2000), local clustering of RGD could promote
cell adhesion and optimize the chances of imaging an adhesion-mediated substrate deformation event
(Maheshwari et al., 2000). Additionally, full length protein domains have been shown to diﬀerentially
mediate cell morphology, cell migration and cell proliferation compared to RGD alone (Fong et al.,
2010).

Improving comparison between initial and deformed conformations
It was clearly stated that the early TFM tests were not conclusive at all. Even though FEM simulations predicted PAA surface displacement value theoretically discernable with DONALD module, it
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is important to keep in mind that these results could well be overestimated. Indeed, as it was underlined earlier nanoscale mechanical behavior of hydrogels is poorly documented, and assuming that
they display the same material properties when shaped in submicron dimensions might prove false.
Additionally, most FEM simulation softwares are not provided with microscale mechanical models
which could account more faithfully for real material laws at such a reduced scale. Hence the need
for establishing a speciﬁc submicron mechanical model according to PAA polymer characteristics,
as was pointed out earlier.
What is more, there is a major lack of ﬂuorescent marker displacement detection. Indeed, as the
number of blinking cycles achieved by a single ﬂuorophore is not known, there is no guarantee of
detecting the same ﬁducial marker both during the stressed conﬁguration and relaxed conﬁguration
acquisitions. Also, as was noted in the experimental part, a slight laser power increase was required
between the two single molecule imaging steps. This was partly due to an apparent lack of blinking
sources after the ﬁrst exposure, and may attest to the bleaching of most ﬂuorophores before the
second exposure. To counter these possible hindrances, two strategies may be considered:
• either infer PAA surface topography for relaxed and stressed conﬁgurations according to 3D
ﬂuorophore localizations, and extrapolate displacements through comparison of the two 3D
function values. This method would then induce a loss in displacement resolution and require
that the ﬂuorophore localizations for both acquisitions allowed for the same surface rendering
precision;
• or explore the option of ﬁducial markers tagged with two diﬀerent ﬂuorophores, of which
excitation spectra span completely independent wavelength ranges. This would require ﬁrst
that such ﬁducial markers can be designed; second that these ﬂuorophores share approximately
the same blinking ability and characteristics in water-based observation media. If feasible, this
strategy would enable to precisely locate the ﬁducial markers in both material conﬁgurations,
with lesser uncertainties about identifying the respective positions of markers on both images;
• or even more ideally, attempt at depositing ﬁducial markers according to a regular pattern.
The geometric characteristics of the lattice would have to be optimized according to the
microscopy technique, and the number ﬂuorophores places at the vertices would also require
tuning depending on the expected duration of experiments.
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3.3. Designing nanoscale 2.5D glass substrates for assessing
of macrophage topography sensing
3.3.1. Characterization of cell topography sensing
Cells migrating through various tissue come across various ECM organization. For instance, vessels
are composed of amorphous sheets intermittently laden with pits, meshes and grooves (Wagenseil
et al., 2009). In contrast, the complex multiscale structure of bone has been described in a previous
section of this manuscript 1.1. Similarly, muscle tissue is made up of many muscle bundles, straightly
and parallel aligned, that are composed at the microscale of hundreds of aligned ﬁbers. The latter
are in turn organized in packaged myoﬁbrils, that are composed of thousands of aligned contractile
nanoﬁlaments (Meyer et al., 2011). Hence, cells are submitted to physical environments displaying
various order degrees at the micro- and nanoscale, as well as varying topographies. In order to decipher how these geometric characteristics aﬀect cell behaviors, multiple micro- and nanofabrication
techniques have been suggested to reproduce ECM features, via the fabrication or modiﬁcation of
biocompatible materials. Such biomimetic devices allow to limit the complexity of cell environment
to a few physical parameters, so as to discriminate their contribution to subcellular events (Matellan
et al., 2019)

ECM topography
Each tissue type display speciﬁc 3D structures from the nano- to the microscale, thus presenting
cells with multiple topographical variations. Since tissues have diﬀerent functions, and are exposed
to various physical or chemical stimuli and environments, they can be categorized accordingly (Kim
et al., 2013):
• protective tissues, such as skin and mucosal lining,
• electroactive tissues like heart or brain,
• shear-stress sensitive tissues, e.g. blood vessels,
• mechanosensitive tissues that are bone and tendons
Exploring the complex multidimensional and hierarchical organization of tissues have recently provided valuable insights for the tissue engineering and regenerative medicine ﬁeld. By focusing on
better understanding the interactions between cells and their extracellular environment, the pursuit
of generating ideal ECM substitutes may eventually be achieved (Mano, 2015). Indeed, improving
the complexity levels with which tissue constructs are generated has been showed to increase the
chances for successful grafting (Kelleher et al., 2010; Atala et al., 2012). More speciﬁcally, surface
topography is one of the most relevant properties of physiological materials to induce and regulate
speciﬁc cell behavior and tissue development (Norman et al., 2006; Bettinger et al., 2009).
Given the multiscale organizations of both tissues and cell components (Fig. 3.26), cells are not
only aﬀected by microscale patterned surfaces, but are also able to sense and respond to nanoscale
features (Norman et al., 2006; Martins et al., 2017). ECM provides a wide array of interwoven pro-
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teins that provide regulatory topographical cues in addition to chemical cues, which are tissue-speciﬁc
(Mark et al., 2010; Janson et al., 2015). Thus, the development of patterned substrates provide tailored cell-substrate interactions, and stimulate biological recognition pathways (Craighead et al.,
2001; Flemming et al., 1999; Dalby et al., 2003). Exposing cells to various topographical motifs appears crucial to control material-cell interactions, ECM remodeling and cytoskeletal rearrangement,
in addition to allow for the precise triggering of cellular responses.

Figure 3.26.: Multiscale hierarchy of diﬀerent representative tissues and representative synthetic
substrates sharing the same topography lengthscale. Adapted from Sousa et al., 2019.

Fabrication techniques to obtain micro- and nano-patterned surfaces
Micro- and nanopatterning consist in producing micro- and nanostructures, respectively, across
the surface of a given material. Technological advances in the ﬁeld of material patterning have
recently allowed for the more thorough comprehension of material-cell interactions. Production
of ordered as well as randomly distributed topographical features at diﬀerent length scales have
been made possible thanks to available methodologies (Bettinger et al., 2009; Barthes et al., 2014).
Bottom-up approaches can be used with diﬀerent polymers, being a cost-eﬀective way to create wellorganized topographies. On the other hand, top-down approaches usually involve the application
of external stimuli like heat, UV-exposure, or pressure to produce thin polymer ﬁlms with speciﬁc
geometries (Betancourt et al., 2006). Overall, advanced micro- and nanofabrication techniques
have been developed with increased resolution and precision, being often combined with diﬀerent
deposition techniques (Qian et al., 2010) (Fig. 3.27).
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Figure 3.27.: Living systems are organized in diﬀerent levels, with increasing complexity, as shown
in the upper part of the image. Below, the most representative micro- and nanofabrication methods
are represented in terms of range resolution and compared with natural systems at diﬀerent scales
of organizational levels. Adapted from Sousa et al., 2019.

Bottom-up approaches
Layer-by-layer - Layer-by-layer technique was ﬁrst described as a simple and versatile bottomup method to create multilayer ﬁlms. Its general concept is based on alternating electrostatic deposition of a wide range of polycation and polyanion species onto a substrate (Decher et al., 1991). It
provides high control over physicochemical, morphological and mechanical properties, and oﬀers versatility to coat substrates with bioactive species (Costa et al., 2014; Keeney et al., 2015; Silva et al.,
2014). Furthermore, recent protocols have proposed other types of driving forces for the assembly
of the ﬁlms, such as covalent bonding, hydrogen interaction or click chemistry (Borges et al., 2014).
This has resulted in an even wider range of materials compatible with the layer-by-layer technique.
Topographical features can be achieved with this technique by constructing the multilayers above a
prepatterned sample, or by modiﬁcation of a layer-by-layer-based ﬁlm, beneﬁting from a submicron
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ﬁdelity (Sousa et al., 2017; Martins et al., 2017). Moreover, layer-by-layer assembly of 3D biobased materials above patterned substrates allows for the creation of 3D complex architectures
(Khademhosseini et al., 2004).

Electrospinning - Electrospinning is based on the application of a high electric ﬁeld between
a charged polymer solution and a counter electrode, which forces the movement of the solution
through a small diameter syringe nozzle, and eventually creates a ﬁber (Reneker et al., 2008; Lim
et al., 2017). Several ﬁbers are then assembled on top of substrates to form ﬁbrous mats covering
large surface areas, with varying levels of porosity (Bhardwaj et al., 2010). Moreover, depending on
the purpose, the order degree of ﬁber meshes is easily tunable on a wide length scale, providing with
substrates able to mimic natural tissue architectures (Xie et al., 2010).

Colloidal particles - Colloidal particle production has been reported through diﬀerent techniques, such as suspension-, emulsion-, dispersion- and precipitation-based polymerization, and the
preferential materials are usually silica or polystyrene (Dommelen et al., 2018; Kaewsaneha et al.,
2013). They can be used as building blocks to form colloidal nanostructured surfaces, particularly
via self-assembly process (Dommelen et al., 2018; Trujillo et al., 2009). Their wide range of diameter,
from 1 nm to 100 µm, allows for the generation of complex architectures.

Direct-write or inkjet printing - Direct-write or inkjet printing relies on a printing head
to spatially deposit inorganic or organic small molecules, proteins or even cells onto speciﬁc areas of
substrates (Zhang et al., 2009). While inkjet printing usually produces ﬂuid drops of diameter ranging
from 10 to 150 µm, direct-write printing combined with laser-based beneﬁts from an enhanced
working resolution, up to 100 nm. By controlling the displacement velocity, directionality and
modulating the printing duration, such a technique can lead to large 3D freestanding architectures
(Accardo et al., 2017).

Micro- and nanocontact printing - Micro- or nanocontact printing is based on pattern
transfer from a template to a speciﬁc material surface, and consists in a versatile, easy and lowcost method beneﬁting from submicron accuracy (Ruiz et al., 2007). Other than its use to produce
2D patterned substrates segregating diﬀerent ECM proteins, it can also be used in the context
of creating topographical features. Indeed, 2D patterning of chemical compounds can be used to
conﬁne the polymerization of scaﬀold molecules, which can be further modiﬁed, for example through
siliciﬁcation (Yang et al., 2009).

Top-down approaches
Microfluidics - Microﬂuidic substrates oﬀer a set of ﬂuidic unit operations, designed specifically for their combined use with well-deﬁned motifs, and aiming at miniaturization, automation
and parallelization of biochemical processes (Velve-Casquillas et al., 2010). One of the advantages of
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this technology is the fact that two or more streams of laminar ﬂow can be generated, connected and
managed, providing a unique technology to pattern cells and their environments (Velve-Casquillas
et al., 2010; Chen et al., 2009). Indeed, patterning of polymer microscale materials can be achieved
through introducing a sheath ﬂuid with a high-speed ﬂow rate, resulting in ﬂat ﬁbers adapting to a
pre-existing pattern (Kang et al., 2012). In addition, microﬂuidics also allow for the dynamic 3D patterning of monolithic structures, thanks to automated deliveries of wash solution and photocurable
agents to a photoreactive coating (Cheung et al., 2007).

Photolithography - Photolithography is a widely used and well-documented technique for
micro- and nanofabrication, ﬁrstly developed for the microeletronic industry. In this technique, a
photoreactive material - the photoresist - is coated onto a substrate, typically a silica-based wafer.
The selective exposition of only parts of this resist coating is achieved by using a speciﬁcally designed
chrome mask with micro- or nanoscale features between the light source and the sample. Hence, depending on the polarity of the resist, the regions exposed to ultraviolet (UV) light either polymerize,
cross-link or degrade, and the unwanted parts are removed thanks to the treatment with an organic
solvent (Desai, 2000; Tran et al., 2017). A wide range of lateral resolutions, spanning from 5 nm
to a millimeter, can be achieved by adapting the UV-wavelength for exposure, or the type of mask
used (Choi et al., 2003; Pinto et al., 2014).
Photolithography can be used per se, or it can be combined with other deposition techniques to
alter the surface chemical properties (Shaikh Mohammed et al., 2006). Moreover, substrates obtained
through photolithographic process can be either used as such, or as a master mold to produce highly
reproducible substrates in softer materials.
Soft lithography - Soft lithography takes advantage of a soft and ﬂexible elastomer material,
such as PDMS, to create microscale features on another material surface (Qin et al., 2010). This
technique thus involves the production of a master template to emboss the expected structures onto
the softer material. Such master templates can be obtained through photolithography, and the
creation of curved or nonplanar surfaces with soft lithography allow for overcoming limitations of
the mold (Tran et al., 2017).
Applications to decipher topography sensing mechanisms
The distribution of physical and biochemical cues within the 3D space of the ECM is a fundamental factor for the regulation of cellular functions. Indeed, ECM organization sensing controls cell
polarization, migration and shape, thus modulating the biochemical cell-matrix interactions and
eventually directing cell function. Attempts at mimicking such complex physiological arrangements
broadly take two distinct forms: spatial patterning of biochemical cues, and development of 2.5D topographical features - 3D features of negligible size compared to the 2D substrate they are produced
on. 2.5D substrate-patterning relies on the afore-mentioned micro- and nano-fabrication techniques,
in order to generate grooves, pits or other motifs on cultures substrates (Fig. 3.28). Such approaches
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allow for deciphering the mechanisms involved in cell responses to topography, spanning eﬀects on
cell proliferation, cell diﬀerentiation, cell morphology and polarization (Bettinger et al., 2009). In
the context of this study, it is most interesting to focus on the modulation of cell migration and
adhesion in the presence of topographic features.
The main mechanisms and their possible eﬀects on cell attachment can be listed as follows:
• alterations in physico-chemical forces via an enhancement of the energy barrier ﬁrst peak;
• cell membrane deformations and subcellular modulations of tension to adapt to is surroundings;
• establishment of local solid-liquid chemical gradients due to entrapment of molecules.

Figure 3.28.: Examples of diﬀerent type of topographies used to mimic the extracellular matrix
of tissues: (A) pillars; (B) pits; (C) grooves/gratings; (D) tubes; (E) ﬁbers; (F) wires and (G)
roughness. Adapted from Dobbenga et al., 2016.

Modulating cellular migration - Topotaxis refers to the migration of cells based on the
density of topographical cues. Interestingly, the resulting directionality is not universal and has been
reported to depend on cell cortical stiﬀness, hinting at a role for cell deformation during migration
(Park et al., 2016; Park et al., 2018). In contrast to previous suggestions, cells may display the
capacity to envelop topographic features, instead of just “sitting on a bed of microneedles” (Tan
et al., 2003; Saez et al., 2005). Speciﬁcally, the ability of the cell surface to deform suﬃciently can
vary depending on the spacing between the features, the deformability of the plasma membrane and
the underlying cytoskeleton (Kim et al., 2010). In the case of topographic features distributed in a
spatially graded manner, there may be three distinct observations of cell behavior (Park et al., 2016)
(Fig. 3.29):
• if the cell cortex is too stiﬀ, it would not allow for membrane curvature and conﬁne cell contact
to the top surface of the topographies;
• on the contrary, cell cortex may be so soft as inducing a complete invasion of the cell in the
interspace volume, subsequently increasing the eﬀective area for cell-matrix interactions;
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• the degree of penetration into the interspace can vary across the cell length, being maximal in
the sparser areas and minimal in the denser areas, and resulting in a general movement away
from denser matrix areas (Wolf et al., 2013).

Figure 3.29.: Three scenarios of a cell interfacing with an adhesive substratum containing spatially
graded topographic features and the corresponding topotaxis directionality. (A) Stiﬀer cells show
limited interﬁber penetration and are guided toward higher-matrix-input areas. (B) Softer cells can
penetrate within the topographies, substantially increasing the contact with and input from the
extracellular matrix. Topotaxis is toward denser ﬁber zones. (C) At intermediate cell stiﬀness, a
diﬀerential degree of interﬁber penetration leading to topotaxis toward sparser ﬁber zones. Adapted
from Park et al., 2018
ECM inputs can in turn aﬀect the eﬀective cortex stiﬀness, resulting in a feedback eﬀect allowing
variations in cell compliance with the topographic features. Indeed, cortical stiﬀness and deformability have been reported to be controlled by the opposite eﬀects of two signaling pathways: PI3kinase-dependent enhancement of cortical deformability and protrusive activity; and Rho-associated
protein kinase ROCK-dependent increase in cortical stiﬀness (Fig. 3.30). Of interest, PI3-kinase and
the associated Rac1 small GTPase signaling were previously implicated in controlling cell polarity
through speciﬁcation of the cell leading edge for mesenchymal migration (Srinivasan et al., 2003; Xu
et al., 2003; Sanz-Moreno et al., 2008; Machacek et al., 2009). On the other hand, ROCK signaling
and the associated RhoA small GTPase activity were implicated in cell trailing edge, likely through
limiting the protrusive activity and promoting cortical contractility for amoeboid migration (Xu
et al., 2003; Machacek et al., 2009; Friedl et al., 2010).
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Figure 3.30.: A schematic graphic model of the topotaxis in invasive and non-invasive cells. The
directionality of topotactic migration depends on diﬀerential conformity of cellular membrane to
local topographic structure. The degree of conformity depends on the cell rigidity, which in turn is
controlled by the interplay between two ECM-activated signalling pathways: PI(3)K–Akt increasing the degree of conformity and matrix penetration and ROCK–MLCK decreasing the degree of
conformity. Adapted from Park et al., 2016.

Modulating cellular adhesion - Substrate height variations in an orderly manner, as opposed
to substrate roughness, have been shown to aﬀect cell adhesion. Indeed, human osteoblastic cells
cultured on nanoisland topographies displayed enhanced more prominent focal adhesion formation
when plated on nanoislands 11 nm high, compared to ﬂat surface or higher topographies (Lim et al.,
2005). Similar behavior was also reported in ﬁbroblasts and endothelial cells, and the island height
was also proposed to modulate both initial and long-term adhesion (Dalby et al., 2004).
Depending on the fabrication method, topographies can either be randomly distributed and display diﬀerent forms of stripes or scratches (Van den Dries et al., 2012), various levels of roughness
(Geblinger et al., 2009; Geblinger et al., 2010; Wittenburg et al., 2014). Or they can display a
heightened order parameter at the cell scale (Wójciak-Stothard et al., 1996). In this last case, diverse geometries have been explored such as pillars (Park et al., 2016), lines (Matellan et al., 2019) or
wrinkles (Cortizo et al., 2012). Linear ordered motifs have been used to study macrophage adhesion
(Wójciak-Stothard et al., 1996) and podosome arrangement (Van den Dries et al., 2012) on 2,5D
substrates. Podosome alignment in dendritic cells plated on polystyrene, polymethylmethacrylate or
polyethylene naphthalate topographies of height down to approximately 100 nm have been observed
by Van den Dries et al. (Van den Dries et al., 2012).
Micro- and nano-fabrication technological advances now allow to structure surfaces able to mimic
submicron ECM geometries in vitro. Physico-chemical properties and material stiﬀness of the substrate are also characteristics of major impact on this adaptability of cell functions. Indeed, the

154

Chapter 3. Developing new substrates for the characterization of podosome mechanical properties
and topography sensing with super-resolution microscopy
combination of topographic features with multiple materials have been tested for cell adhesion studies: polymers such as polydimethylsiloxane (PDMS) or polyacrylate (Azatov et al., 2017), metallic
materials such as titanium (Ariganello et al., 2018), organic matter like collagen (Cortizo et al.,
2012), and borosilicate glass (Van den Dries et al., 2013b).
Particularly considering podosomes, it has been shown that podosomes number and protrusive
forces they exert increase with stiﬀness of the material they are plated on (Labernadie et al., 2014).
Van den Dries et al. have explored dendritic cells adhesion relative to hydrophilic/hydrophobic
properties of various materials - Teﬂon, borosilicate glass, polystyrene, polyethylene naphthalate,
polymethylmethacrylate - and did not observe signiﬁcant changes in size or podosome number per
cell (Van den Dries et al., 2012; Van den Dries et al., 2013b).
Another study also identiﬁed a critical spacing of topographic features, which inﬂuences cell
adhesion. Substrates were generated through 8 nm gold nanodots self-assembly, subsequently coated
with RGD and allowing for the binding of a single integrin per dot (Arnold et al., 2004). For a
critical dot interspacing of 73 nm, cell attachment was dramatically impaired, supposedly due to the
restriction of integrin clustering (Fig. 3.31).

Figure 3.31.: Correlation between size of substratum topography and cellular sensing organelles.
Adapted from Nguyen et al., 2016.
While cell-matrix interactions have been extensively studied on traditional 2D surfaces, cells experience in vivo complex environments that have various geometric and physical properties. By
creating precise surface structures, micro-nano-fabrication represents a powerful tool in understanding cell topographical interactions with topographical features. For instance, the spacing between
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mechanical obstacles has been found to be a critical parameter in cell migration (Tan et al., 2001).
Recent developments of strategies to analyze cellular responses substrate topography has allowed
for new insights into the cell-microenvironment interactions, especially in terms of cell shape, cytoskeleton organization and focal adhesion remodeling processes (Berry et al., 2004; Frey et al.,
2006). As the knowledge concerning how cells detect, move over long time scales and adapt their
cytoskeleton or adhesive contacts in a 3D environment is still limited, systematic studies of cell migration and adhesion processes on well-deﬁned topographical substrates appear as a useful tool to
tackle these issues. In most of the previously cited examples, the aspect ratio of motifs most often
displayed restricted lateral dimensions for barely submicron axial dimensions. However, explorations
of the eﬀects of nanoscale axial motif dimensions on cell migration and adhesion could reveal new
information of how cell probe physiologically relevant roughness.
The objective of this project is to develop tools aimed at studying how cell adhesion structures
sense and react to topographical motifs. So as to tackle this issue, the cell model which has been
chosen is human blood monocyte-derived macrophages, and the hypothesis that will be tested is a
predominant role of integrins in the event of topography sensing.

3.3.2. Generation of wet-etched glass coverslips to study topography
sensing
General outline of this project
This study aims at assessing to which motif height can a detection of ordered grooves be observed.
To do so, 2.5D topographical motifs were developed on borosilicate glass coverslips in the shape of
lines that are micron sized in width. This geometry allows to easily observe a possible alignment
of podosomes with respect to the motifs. The lines are 1 µm wide, and separated by a 10 µm
wide gap. This spacing value is much higher than the mean inter-podosomal distance of 1.77 µm,
measured on 2D surfaces by Proag et al. (Proag et al., 2015). Thus, it can be hypothesized that
this limits inter-podosomal synchronous eﬀects. This considerable spacing value might also prevent
conﬁnement, and allow to discriminate the roles of integrins and membrane tension between two
motifs. Indeed, when considering a simply hanging membrane between two pillars, the larger the
spacing between the two posts, the lesser the curvature value for the membrane at its central area.
Motif height control for each substrate allows for macrophage adhesion on crenels of height comprised between 10 nm to 200 nm. The possible motif detection processes on such low heights are
still to be uncovered.
This height range is targeted at discriminating the diﬀerent hypotheses on the role of integrins
in the adhesion event. Thus, the maximum height has been limited to podosome dimensions, and
the minimum height approaches the dimensions of integrins. Another limitation for the minimal
height is that the motifs must be detectable apart from local inherent roughness, which should be
approximately 10 times lower than the motif height.
So as to keep uniform material properties over the whole surface, and thus discriminate only the
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height diﬀerence eﬀect, 2.5D topographical motifs were shaped in situ directly from the substrate
material. Furthermore, no coating of ECM proteins such as ﬁbronectin was deposited over the motifs.
To make these 2.5D motifs, the protocol consisted in a conventional UV-lithography process
followed by a wet etching step. Human blood monocyte-derived macrophages were then seeded, left
to adhere and ﬁxed on the 2.5D patterned substrates. After immunostaining of F-actin and vinculin,
the spatial arrangement of podosomes relative to the crenels was assessed by wideﬁeld microscopy
observations. The ﬂuorescence images were treated with a dedicated ImageJ macro, which was
speciﬁcally scripted to uncover a potential inﬂuence of the motifs on the localization of podosomes
in the presence of nano-scale topographies.

Fabricating and characterizing nano-topographies on glass coverslips
- A conventional UV photolithography process and a wet etching in hydroﬂuoric acid step were
adapted and followed in order to yield nano-topographical motifs on borosilicate glass coverslips. The
process parameters were ﬁrstly adjusted to the speciﬁc requirements of developing nano-topographical
motifs on glass coverslips. E-beam lithography technique allows for a higher lateral resolution of approximately 15 nm, but its downsides are that it is costly and slow. Conventional photolithography
beneﬁts from its ability to process multiple centimeter-sized samples simultaneously. The etched
samples have been characterized by AFM. The optimized version of the various stages of the protocol are schematically represented and summarized in Figure 3.32.

UV photolithography on glass coverslips - Borosilicate glass coverslips of controlled 170
± 5 µm thickness and of 25 mm diameter were used to make 2.5D crenelated substrates. Coverslips
were cleaned in acetone, in deionized water, then in 70% ethanol before being dried with a dinitrogen
blower. They were further cleaned by dioxygen plasma exposition for 5 minutes at a power of 800 W
and gas ﬂow of 1000 sccm, before chemical vapor deposition of hexamethyldisilazane (HMDS) resist
adhesion promoter.
ECI-3012 positive resist was spread on the clean surface by spin-coating for 30 seconds at a speed of
3600 tr.min−1 and acceleration of 4000 tr.s−2 . Then, the deposited resist was baked before insolation
at 90◦ C for 90 seconds on a hot plate.
Each coverslip was exposed with I-line wavelength UV in a Suss MicroTec MA6 Gen4 mask
aligner for 10 seconds, with an exposure dose of 100 mJ.cm−2 and a power of 30.1 mW. The chrome
mask used for this insolation step displays 1 µm wide parallel lines that are 10 µm apart. During
UV exposure, it was placed over the coverslips in hard contact mode with a pressure of 4 mbar.
Coverslips were then placed on a hot plate set at temperature 110◦ C for 90 seconds for annealing
of the photoresist. So as to reveal the resist motifs, the exposed part of the resist was removed in
a bath of MF CD-26 developer solution for approximately 60 seconds. Finally, the coverslips were
rinsed with deionized water for 2 minutes, then dried with a dinitrogen blower.

157

Chapter 3. Developing new substrates for the characterization of podosome mechanical properties
and topography sensing with super-resolution microscopy

Figure 3.32.: Main steps of the optimized process to fabricate nano-topographies.
Wet etching of the glass - The coverslips were exposed in dioxygen plasma for 2 minutes at a
power of 200 W and gas ﬂow of 1000 sccm, in order to remove all resist residues between the motifs
and to increase surface hydrophilicity to subsequently facilitate wet etching.
Buﬀered hydroﬂuoric acid to a ratio of 7:1 in ammonium ﬂuoride was used to etch glass. Coverslips
were statically immersed for 10 to 180 seconds, depending on the targeted height value for topographical motifs. Etching was immediately followed by rinsing with deionized water for 1 minute,
then the coverslips were blow-dried with dinitrogen. Etched coverslips were eventually immersed
in acetone to dissolve residual resist, and rinsed in deionized water. A ﬁnal exposition in dioxygen
plasma was performed for 2 minutes at a power of 400 W to standardize surface chemistry over the
whole samples.
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Characterizing etching depth on the samples The various obtained etching depths were
characterized thanks to AFM in tapping mode with a RTESPA-525 tip. The probed areas were
at least 60 µm2 and the scanning frequency was lesser than 1.2 Hz. Control parameters such as
oscillation amplitude and gains were adjusted depending on motif height for each sample. At least
4 linear motifs were probed for each sample, over a scanning length of 4 µm.
Nanoscope Analysis software was used to analyze the measured data. Motif height measurements
were performed with the Step tool, which computes the mean height over all proﬁles on the image
and which yields the corresponding mean height proﬁle. The Roughness tool was used to compute
the motif height quadratic mean. This value represents the height standard deviation and describes
RL
the squared deviation to the mean height value. It is computed as follows: Rq = L1 0 z 2 dl) with L
standing for the total distance over which measured heights are integrated, and z standing for the
axial distance between each measure. Mean motif widths were determined thanks to the Width tool
as follows: two motif widths were measured at 5% and 95% of the mean motif height respectively.

Seeding, fixing and observing macrophages on crenelated substrates
Human monocytes were isolated form peripheral blood of healthy donors as has been already described in the work of Van Goethem et al. (Van Goethem et al., 2010). After 7 days of diﬀerentiation
in RPMI medium supplemented with recombinant M-CSF, L-glutamine and fetal calf serum (FCS),
and in the presence of antibiotics - penicillin and streptomycin -, macrophages were harvested and
approximately 105 cells were seeded on each 2.5D patterned coverslips, previously sterilized for 2
hours in a dry oven at 180◦ C.
The cells were plated for 20 minutes, then FCS-supplemented medium was added and the cells
were further left to adhere overnight. They were unroofed thanks to a ﬂow of sterile distilled water
supplemented with 10 µg.mL−1 phalloidin and protease inhibitor cocktail, previous to being ﬁxed
in paraformaldehyde.
Samples were immunostained with a primary antibody against vinculin, an Alexa Fluor 555conjugated secondary antibody and Alexa Fluor 488-conjugated phalloidin. Samples were eventually
mounted on glass slides in Mowiol DAKO ﬂuorescent mounting medium, and left to solidify overnight.
Fluorescent stainings were observed with a conventional wideﬁeld Leica LEITZ DMRB microscope
equipped with 63x and 100x oil-immersion objectives and a Photometrics CoolSnap HQ camera, over
areas of approximately 0.5*0.5 cm2 at the center of each coverslip. In the same regions, the crenel
motifs were observed with the same microscope in light transmission mode. Acquisitions of a dozen
of cells per coverslip were performed both in light transmission and ﬂuorescence modes sequentially.

Quantifying podosome alignment relative to 2.5D motifs
A dedicated ImageJ macro was developed in order to characterize the inﬂuence of the crenels on
podosome spatial distribution. As a ﬁrst approach, F-actin and vinculin intensity variations and the
repartition of F-actin ﬂuorescent signal peaks were assessed with respects to motif localization.
The three major macro functionalities are as follows (Fig. 3.33):
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• creating a ﬁle where all result ﬁles are saved;
• creating a merged image of the light transmission and ﬂuorescence images acquired;
• evaluating F-actin, vinculin signal intensity variations and F-actin peak intensity localization
depending on the distance to a motif.

Figure 3.33.: Creation of a merged image to visualize actin-rich cores and ring proteins with epiﬂuorescence, with respect to the topographic features observed with light transmission.
Before any analysis on acquisitions, background noise was reduced in F-actin and vinculin staining
images thanks to ImageJ Subtract Background function. Images are scanned from top to bottom
on a pixel wide line parallel to the motif length, after rotating acquisitions if need be. For each
scan line: mean F-actin and vinculin signal intensity, podosome number and cell area are computed.
Fluorescence signal intensities and podosome numbers are then divided by the corresponding cell
area.

Creating binary masks for localization analyses - Based on the ﬂuorescence images for
F-actin and vinculin stainings, various masks were generated (Fig. 3.34). One binary 8-bit mask
displays the total area occupied by the plated cell, based on a contour drawn by the user based on
the F-actin image. The others are a modiﬁcation of the original images for F-actin and vinculin
staining respectively, with the pixel value arbitrarily set to 0 out of the cell area; or unchanged if
the pixel is inside the cell area previously contoured.
The F-actin peak intensity localizations were detected using the ImageJ Find Maxima function,
with the threshold value being user-deﬁned according to the quality of the image. This selection
resulted in a binary mask associating each peak with one pixel. Finally, the user drew the contours
of one motif on the light transmission image to automatically generate a binary mask locating the
top of the crenels.

Measuring required data for further analysis - The cell contour binary mask was scanned
from top to bottom to evaluate the cell area on the corresponding section (Fig. 3.35). Thus, on each
IS
line the following computation was performed: Scell = 255
, where I is the mean intensity along this
section and S is the area of the scanning line in pixels. The values were then converted to µm2 .
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Figure 3.34.: Creation of masks based on actin ﬂuorescence image. The binary mask allows for cell
area evaluation. The other mask allows for computing mean actin intensity and podosome numbers.

Figure 3.35.: The binary mask allows for cell area evaluation estimation by scanning the image
from top to bottom and storing the mean intensity value for each scan line.
Both non-binary masks representing F-actin and vinculin stainings respectively inside the cell
area only were scanned similarly. Mean ﬂuorescence signal over the scanning line was computed
then divided by the cell area occupied on the corresponding section. The binary mask displaying the
localization of podosomes was also scanned. For each scan line, the number of podosomes comprised
IS
, I and S are deﬁned in the same way as
in this section was computed as follows: Npodosomes = 255
just above. The obtained value was ﬁnally divided by the cell area occupied on the corresponding
section.
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3.3.3. Main results
Optimizing topographical motifs fabrication parameters
Photolithography parameters During the ﬁrst tests, the insolation dose for UV photolithography was set to 200 mJ.cm−2 and three development durations of 5, 10 and 20 seconds were tested.
Microscopy observations of the etched samples after the 20 second development revealed discontinuous motifs pointing to an issue of resist over-development. As for the 5 and 10 second durations,
samples displayed zones where the resist had been lifted oﬀ during the etching process. Based on
these observations, development speed needed to be modiﬁed in order to yield a reproducible and
controlled process.
As development speed decreases with the energy dose received by the photoresist during insolation,
this parameter was the ﬁrst to be optimized. Development duration was ﬁxed to 30 seconds, in order
to discriminate insolation doses allowing for slower resist development. Three insolation doses were
tested: 50, 100 and 150 mJ.cm−2 , with the chrome mask being kept close to the samples in hard
contact mode. Samples were characterized by wide ﬁeld microscopy observations of the resist just
after development.
For the 150 mJ.cm−2 dose, the photoresist displayed discontinuous resist motifs after 30 second
development. The sample exposed with a dose of 100 mJ.cm−2 showed a light under-development,
whereas the one exposed with a dose of 50 mJ.cm−2 revealed a more obvious under-development
with the motifs being much wider than they should have been (Fig. 3.36).

Figure 3.36.: Optical microscope observation of the center of the coverslip, 10x magniﬁcation. The
sample was exposed with a dose of 50 mJ.cm−2 . Resist motifs appeared wide and under-developed.

Under-developed samples were further immersed in the developer for 20 additional seconds, and
were subsequently observed. The sample which had been insolated with a 50 mJ.cm−2 dose showed
no further improvements of the motif resolution, certainly having received too small an energy dose.
However, the resist motifs on the sample exposed with a dose of 100 mJ.cm−2 appeared more ﬁnely
resolved (Fig. 3.37). This insolation dose was selected and applied for the rest of this study.

162

Chapter 3. Developing new substrates for the characterization of podosome mechanical properties
and topography sensing with super-resolution microscopy

Figure 3.37.: Optical microscope observation of the center of the coverslip, 10x magniﬁcation. The
sample was exposed with a dose of 100 mJ.cm−2 . Resist motifs appeared more resolved and slightly
under-developed.
Multiple samples were then exposed with the same energy dose of 100 mJ.cm−2 , and were developed for various durations ranging from 30 to 75 seconds, with a 15 seconds step. The resist
motifs were observed both under the light microscope and with a mechanical proﬁlometer. Up to 45
seconds of development, motifs showed an under-developed aspect. Moreover, partial removal of the
deposited resist and proﬁlometer measurements revealed the presence of residual resist in between
the crenels. The samples that were developed for 60 seconds apparently showed no residual resist
detected by proﬁlometer measurements. The motifs that had undergone a 75 second development
were discontinuous (Fig. 3.38).

Figure 3.38.: Optical microscope observation of the center of the coverslip, 10x magniﬁcation. The
sample was exposed with a dose of 100 mJ.cm−2 and developed for 75 seconds in CD MF-26. Resist
motifs appeared highly discontinuous and over-developed.
The exposition dose of 100 mJ.cm−2 combined with a development duration of 60 seconds then
appeared to be optimal for the hard contact mode insolation of ECI positive photoresist (Fig. 3.39).
Height measurements with the proﬁlometer on the samples that had undergone this same process
yielded resist crenel heights ranging from 0.9 to 1.2 µm. This result was consistent with the clean
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room protocol data, which stated that the thickness of ECI photoresist on silica-based substrates
should be approximately 1.1 µm following the previously described spin coating steps. However,
certain samples displayed motif discontinuity under light microscope scrutiny (Fig. 3.40). These inplane defaults were regularly distributed, which suggested they were due to the fabrication method
of the chrome mask rather than created by faults previous to the development step. Indeed, direct
observation of the mask conﬁrmed this hypothesis as it showed the same deformations of the linear
motifs.

Figure 3.39.: Optical microscope observation of the center of the coverslip, 10x magniﬁcation. The
sample was exposed with a dose of 100 mJ.cm−2 and developed for 60 seconds in CD MF-26. Resist
motifs appeared well-deﬁned and continuous.

Figure 3.40.: Optical microscope observation of the center of the coverslip, 10x magniﬁcation. The
sample was exposed with a dose of 100 mJ.cm−2 in hard contact, and developed for 60 seconds in
CD MF-26. Resist motifs discontinuities appeared periodically distributed.
Following the etching of the glass coverslips, ﬂaws were also observed along the motifs. Their
general aspect pointed to the presence of residual resist between the crenels. To counter this issue,
a dioxygen plasma cleaning stage was added between the resist development and the wet etching.
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The plasma parameters were set to a power of 200 W with a gas ﬂow of 1000 sccm for 2 minutes.
Furthermore, this additional step allowed for boosting the hydrophilicity of the glass surface, thus
facilitating the etching process.

Wet etched substrate characterization - Wet etched crenels obtained after a 90 second
immersion in hydroﬂuoric acid were observed with a scanning electron microscope (SEM). On the
approximately 3 mm2 observed area, motifs appeared to be regularly shaped and distributed (Fig.
3.41).

Figure 3.41.: Scanning electron microscopy observation of the topographic features after wet etching. No surface metallisation step was performed. Motifs displayed regular dimensions.
The etching rate was asserted from height measurements. Results are shown in Figure 3.42, for
borosilicate glass coverslips etched in buﬀered hydroﬂuoric acid (7:1) for immersion times ranging
from 10 to 180 seconds. The buﬀer over acid ratio was selected based on results of various dilution
tests. This 7:1 ratio allows a wide range of etching depths, as is well adapted for this exploratory
study. Furthermore, etching speed is stabilized with a solution pH that is kept constant over the
reaction, which eventually yields reproducible results and enables tuning the exact etching time for
a given etching depth. The OriginPro8 software was used in order to linearly ﬁt the etching time vs.
depth results. The slope gave an etching speed of 62.8 ± 0.8 nm.min−1 . This value is consistent with
the work of Blass et al. (Blass et al., 2013) on etching the same material with buﬀered hydroﬂuoric
acid (7:1).
The etching depths obtained for the various coverslips used in this study are gathered in table
3.15. Mean etching depths ranged from 6.8 ± 0.4 nm to 190 ± 2 nm. All coverslips presented root
mean squared roughness (Rq ) between motifs ranging from one to two orders of magnitude lesser
then the mean motif height. The in-between lines Rq value was comprised between 0.2 nm for an
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Figure 3.42.: Estimation of the etching rate of borosilicate glass by a buﬀered hydroﬂuoric acid
(7:1) solution

Table 3.15.: AFM characterization results of etched coverslips subsequently used for cell plating
Mean motif
height (nm)
6.8
11.0
16.5
31.7
33.0
58.1
116
190

Standard
deviation

Roughness
Rq (nm)

Motif width ratio between
95% and 5% of height

Mean motif width at
5% of mean height (µm)

0.8
0.4
2.2
1.2
0.6
3.2
1.6
4.0

0.2
0.2
0.3
0.7
0.3
0.4
0.4
1.6

0.80
0.97
0.87
0.92
0.87
0.80
0.63
0.57

2.3
1.9
1.8
3.0
2.6
1.8
2.5
1.6

etching time of 10 seconds, and went up to 1.6 nm for an etching time of 180 seconds. The in-between
roughness values were also lesser than at least an order of magnitude compared to the protruding
integrin length on the exterior side of the cell membrane of approximately 20 nm (Alberts et al.,
2002).
The motif width assessed at 95% of their total height was comprised between 1 and 3 µm, which
corresponds to the ﬁrst neighbor distance range for individual podosomes in macrophages (Proag
et al., 2015). This dimension should limit the occurring of two podosomes forming side by side on
top the motif, in its transverse direction. However, measurements revealed that the motifs displayed
highly variable widths. This could be improved by ensuring that the resist motif sides are not tilted
after the development step. This could be achieved by further reducing the distance between the
sample and the mask during the exposition phase, by opting for vacuum contact instead of hard
contact, thus decreasing the lateral UV-light diﬀusion inside the resist coating. Some processed sub-
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strates presented artifacts such as over-etching along a few microns, leading to motif discontinuities.
Inhomogeneities in the resist patterning due to over-developing could explain these defects. A typical
etching defect is presented in Figure 3.43.

Figure 3.43.: Characteristic aspect of an etching defect observed with AFM tapping mode. The
motif appeared irregular, with over-etching at its center.

Influence of the topographical motifs on podosome distribution
Observation of the cell-seeded samples revealed notable eﬀects of the topographies on the spatial
distribution of podosomes, for motif heights ranging from 190 ± 2 nm to 6.8 ± 0.4 nm. Diﬀerent
types of observation cases were reported:
• macrophages presenting podosome-enriched areas alternatively with linear podosome-lacking
regions, as shown in Figure 3.44. After merging ﬂuorescence images with light transmission
image, it appeared that the podosome lacking surfaces corresponded with the top surfaces
of the topographies. This segregation eﬀect on podosomes was also noticed in mean density
proﬁles resulting from image analysis with the previously described macro functionalities.
• macrophages displaying a podosome accumulation along the motif length, as shown in Figure
3.45.
• macrophages showing randomly distributed podosomes over the whole cell area. This might
occur due to motif defects caused by inhomogeneous resist developing, thus resulting in topography discontinuities.
These observations proved that topographical motifs were able to inﬂuence the spatial distribution
of adhesion structures at the axial nanoscale, down to a 6 nm crenel height. This distribution change
was notably noticed through F-actin peak density diﬀerences between the top and the bottom of the
motifs, as well as in between the motifs lengths, as summarized in Figure 3.46.
This exploratory study remained quite qualitative, as it considered not more than three characteristic cells plated on the processed coverslips. It ought to be furthered on a greater dataset of cells
and processed substrates in order to help decipher prospective statistical trends. These early results
still gave rise to potential hypotheses explaining the versatility of observed cell phenotypes:
• topographies were inhomogeneous over the whole observed surfaces, which could demonstrate
technological limitations inherent relative to the 2.5D motifs fabrication;
• motif widths displayed non-negligible ﬂuctuations over the surface of the explored regions, and
subsequently local plasma membrane curvature varied dramatically at the cell scale;
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Figure 3.44.: Merged image of actin (green) and vinculin (red) stainings of human macrophages
plated on the coverslip displaying 16 nm high topographies. White rectangles show the position
of the motifs, as observed with light transmission. Podosomes appeared to preferentially localize
between the motifs, and were mostly lacking from the top of topographies.

Figure 3.45.: Merged image of actin (green) and vinculin (red) stainings of human macrophages
plated on a coverslip displaying 16 nm high topographies. White rectangles show the position of the
motifs, as observed with light transmission. Some podosomes appeared to preferentially localize at
the edge of motifs (white arrows). Within the same cell, podosome-rich areas (A) coexist with zones
exhibiting seldom podosomes.
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Figure 3.46.: Preferential localization of actin cores relative to the motifs, depending on the topography heights. Black squares represent actin core density on the motifs, and red dots account for
actin cores between the topographies. (Each triplet of values stands for one sample with mean motif
height speciﬁed on the bottom axis.)
• image analyses were conducted based on user-deﬁned contour selections and signal improvement parameters instead of objective signal information;
• macrophages were derived from monocytes of diﬀerent blood donors, which inherently implied
biological diversity of responses such as integrin ratios.

3.3.4. Discussion
Achievements, limits and perspectives
This exploratory project focused on developing nanoscale devices to study podosomes in a topography sensing context, and allowed to establish an optimized protocol for the processing of 2.5D
substrates. These shaped coverslips are compatible with future super-resolved microscopy imaging, in particular for the purpose of axially localizing mechanotransduction-involved proteins with
respect to the position of crenellations. As early analyses of wideﬁeld images showed, podosome
spatial distribution appears to be aﬀected by periodic topographical motifs of height as low as a
dozen nanometers. However, due to the obvious lack of statistically relevant data, no thorough or
objective explanation for the observed discrepancies can be proposed for now.

Regularity and homogeneity of motifs - The major limitation to the motif fabrication
method lies in the lack of standardized aspect of the crenels. Indeed, AFM observations revealed
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variations in pattern widths and localized over-etched regions a few microns long. What is more,
AFM-imaged areas were restricted to a few tens of squared microns. It is hence diﬃcult to quantify motif regularity over the whole substrate surface, or whether these variations could aﬀect cell
responses. In order to tackle this issue, it would be interesting to use the same substrates with
macrophages derived from diﬀerent monocyte donors, by removing previously imaged cells completely form the coverslip. Here to limit this uncertainty, several zones conﬁned to approximately
0.5 mm2 on the middle of the coverslips were characterized with AFM, and a restricted central region
was observed with wideﬁeld microscopy accordingly.
Scanning electron microscopy (SEM) was also proposed to acquire views of the etched coverslip
surface condition. Samples were not metallized and scanned with an acceleration tension lower than 1
kV to minimize charging eﬀects. This microscopy technique could enable the exploration of the entire
surface, and the detection of potential etching defects, while ensuring the sample integrity. However,
this approach would compulsorily be coupled with AFM motif height and roughness evaluations.
An alternative solution to improve crenel standardization is to further reduce the resist developing
time, by diluting the developer solution to more ﬁnely tune optimal immersion time. This increase
in development duration would also beneﬁt from a decrease of the time appreciation relative error,
and would thus enhance reproducibility of this protocol stage. Adding hydrochloric acid to the
hydroﬂuoric acid solution could similarly improve surface quality after wet etching. This kind of
solution has been commonly used in the context of borosilicate glass etching (Rinke et al., 2017;
Iliescu et al., 2005).
Finally, motif in-plane inhomogeneity could be due to the chrome mask fabrication process. It
would be interesting to explore whether producing a mask free of defects is a feasible option. Thus,
the newly processed mask could additionally display a compartmentalization where various crenel
widths and periodicities might be explored.

Data and image analysis - Firstly, a statistically signiﬁcant study of cell response to topography variations is required in order to conclude on this eﬀect. It would be interesting to assess the
percentage of cells showing an organized pattern of individual podosomes compared to cells displaying a random distribution of podosomes, and to characterize the potential organization patterns in
the presence of 2.5D motifs. Also, feats worth estimating are the density and geometric parameters
of podosomes in the presence of motifs versus on a ﬂat surface. These quantiﬁcations would be better
performed with a more resolved microscopy technique, such as confocal or structured illumination
microscopy.
What is more, enhanced microscopy resolution would greatly improve the image analysis process.
Indeed, the proposed methodology is but a draft of the potential information extraction attainable
with this type of devices. The inter-core distance distributions could be evaluated in the case
of podosome pattern-displaying cells, and tessellation tools could also help gaining insight into the
speciﬁc arrangement of podosomes in the presence of 2.5D motifs. An alignment quantiﬁcation based
on relative orientation between neighbors could also be exploited as has been in previous works (Van
den Dries et al., 2012; Meddens et al., 2013). Considering other podosome-associated proteins,
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gaining in imaging resolution would allow for more detailed characterization of their rearrangement
due to the presence of 2.5D motifs. As for example, potential asymmetry of the vinculin ring
could be assessed following the previously published work of Walde et al. (Walde et al., 2014).
This asymmetry could be representative of a local reorganization of podosomal architecture, or of a
possible tilt in its axial orientation due to the topography.

Investigating signaling pathways induced by topography sensing - Analyzing ﬂuorescence signal variation along cross-sections transverse to the motifs would consist in a ﬁrst basic
approach to decipher whether podosomes localize preferentially to the top or bottom edge of the
crenellations. However, both podosome core and motif heights are close to classic confocal axial
resolution. Imaging cells plated on these 2.5D substrates with super-resolved microscopy technique
coupled with a ﬁner axial resolution like DONALD setup (Bourg et al., 2015) would greatly help in
solving this question.
For this exploratory study, podosome distribution was assessed at a given time, with cells being
ﬁxed after adhering for a few hours. However, it would easily be feasible to follow the successive
formation and disassembly cycles of podosomes with live cell imaging. This would bring new insight
into how cell topography sensing inﬂuence F-actin dynamics. Acquisitions on longer timespans
could also shed light on potential cytoskeleton reorganization and migration directionality due to
topography variations.
Smoothing the edges of the motifs could also prove to be an interesting alternative to explore how
podosomes and the plasma membrane adapt to slope changes. It would also allow for discussing the
impact of local membrane curvature on adhesion structure formation, as has been proposed by Van
den Dries et al. (Linder et al., 2015; Van den Dries et al., 2012). In order to test whether topographical motifs represent diﬀusion barriers for integrins on cell membrane, single particle tracking
(SPT) methods could be applied in the context of the developed 2.5D substrates.
Eventually, the speciﬁc role of integrins in potentially directing podosome formation through
topography sensing could be addressed considering two major hypotheses:
• local relief induces membrane curvature such that it tends to ﬁt its shape, and thus leads to
higher local interaction probability for a speciﬁc integrin-ligand pair;
• integrins bump into the relief due to steric hindrance, and are thus activated in a way that
stimulates mechanotransduction signaling.
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3.4. Discussion
This section presented the very exploratory results of two independent studies on designing new
super-resolution microscopy compatible devices.
The proposition of a three-dimensional super-resolved traction force microscopy setup did not
completely yield satisfactory results especially considering its ability to give access to adhesionmediated deformations, and was thus set aside. However, the previously described results could
still be used in order to design substrates for mechanosensitivity exploration with super-resolution
microscopy techniques. For this purpose, the polyacrylamide gels would not be coated with ﬂuorescent proteins, which would enhance the extracellular matrix protein coating and thus possibly
heighten cell adhesion. It would still be required to assess the apparent mechanical properties of the
substrates, given the obvious prevalence of the glass coverslip in this “composite” material. And if
these mechanosensitivity experiments were to be performed with SAF-analysis nanoscopy techniques
(Bourg et al., 2015; Cabriel et al., 2019; Sivankutty et al., 2019), it would be essential that research
be conducted on both the inﬂuence of the second optical interface on the localization precision, and
improvement strategies to counter its expected resolution-loss impact.
The direct shaping of coverslips compatible with super-resolution proved its eﬃciency in providing submicron crenellations, spanning three orders of magnitude in height. These powerful tools
apparently revealed their ability to induce alterations in individual podosome spatial distribution.
Hence, they open the way for multiple further analyses. Due to their acute thickness calibration,
the etched coverslips are suitable for SAF-analysis nanoscopy with DONALD setup. They could
also be beneﬁcial for the study of podosome dynamic behavior on nanoscale topography, as has been
done with osteoclasts on non-patterned rough calcite surfaces (Geblinger et al., 2009; Geblinger
et al., 2010; Shemesh et al., 2017). Furthermore, as the protocol has been optimized to yield etching
depths ranging from a few hundreds to a few nanometers, it would be a potential alternative study
to explore the impact of the change in geometry of the motifs, as well as the change of pattern
anisotropy degree on cell adhesion. Either way, image analysis strategies would be required to be
greatly improved and adapted to higher-resolution acquisition methodologies.
Eventually, it could be imagined to merge both presented protocols to yield substrates on which
impacts of simultaneous alterations in mechanical and topographical could be observed. Indeed, an
etched coverslip could be used as the inactivated coverslip for the polyacrylamide sandwich process in
a nano-imprint machine. This protocol would allow for the production of nanoscale polyacrylamide
motifs, of controlled geometry and mechanical properties. What is more, two extracellular matrix
protein coating strategies could be implemented: either the whole polyacrylamide and glass surface
can be grafted with integrin ligand through complete immersion; or the localization of proteins
could be restricted to the top of the polyacrylamide motifs via an adapted version of micro-contact
printing. Cells adhering on this kind of substrates could then be imaged with super-resolution
microscopy setups, and exploration of the nanoscale architecture of their adhesion structure could
reveal valuable information on how cells probe their environment.
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Discussion about the nanoscale architecture and dynamics of
the sealing zone
As seen in the literature review about the sealing zone (1.3), apart from actin, only poor knowledge
is available concerning the precise organization of its components. Especially, as this structure is
speciﬁc to osteoclast adhesion on bone matrix, its characterization during active resorbing activity
has been elusive, and is not compatible with classic high-resolution microscopy techniques.
By combining cutting-edge super-resolution techniques and scanning electron microscopy, we were
able to report that the sealing zone in human osteoclasts displays the same nanoscale organization
of small actin cores nested within a dense network of actin ﬁlaments. The morphometric analyses of
the core subunits arrangement gave similar results with SEM and RIM techniques, and resulted in
slightly diﬀerent neighbor-to-neighbor distances compared to previous studies on murine osteoclasts
(Luxenburg et al., 2007; Anderegg et al., 2011). Dynamic study of actin in actively resorbing
cells yielded the ﬁrst report of actin-related oscillations at the sites of the sealing zone subunits.
Speciﬁcally, actin core-associated oscillations were showed to be synchronous between close neighbors.
In addition, localization of some major actin crosslinker and adhesion plaque proteins revealed that
proteins such as vinculin, paxillin and talin were not completely excluded from the inner part of the
sealing zone (Lakkakorpi et al., 1993; Babb et al., 1997; Pfaﬀ et al., 2001; Jurdic et al., 2006). This
exciting ﬁnding shook the usual representation of the sealing zone, and participates in providing a
new picture of its nanoscale organization. Combining all our results, we proposed a model where the
sealing zone is composed of synchronous islets of actin cores, displaying variable sizes and encircled
by adhesion complexes.
This study will hopefully pave the way for further thorough explorations of the sealing zone
nanoscale architecture. It could notably participate in providing more detailed information about the
localization of key regulators of the sealing zone components, such as Src family kinases involved in
the phosphorylation of actin-binding proteins throughout the structure (Lakkakorpi et al., 1999; Pfaﬀ
et al., 2001; Szymkiewicz et al., 2004; Heckel et al., 2009; Blangy et al., 2012). Such insights would
greatly help in unraveling the mechanisms responsible for actin polymerization/depolymerization
within single cores. Therefore, a more comprehensive understanding of the dynamic events occurring
at larger scales could also be added to the new model we proposed.
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Osteoclasts have been reported to resorb bone in a non-randomly manner, based notably on
the mechanical properties of osteons (Pernelle et al., 2017). Their migration process on polymerbased substrates has also been described as involving centrifugal tension coupled with podosome
ring expansion (Hu et al., 2011b). In addition, osteoclast migration, establishment of the sealing
zone and resorbing activity have also been proposed to be under the regulation of substrate microand nanotopography (Geblinger et al., 2010; Geblinger et al., 2011; Shemesh et al., 2015; Shemesh
et al., 2017). Apart from these insights, not much is known about the osteoclast speciﬁc responses
to matrix physical cues, nor about the mechanical properties of the sealing zone.
In the case of the sealing zone, the existence of a local synchrony at the scale of a few actin
cores bears mechanical signiﬁcance when put in perspective with bone resorption activity. Eﬃcient
resorption requires a tightly conﬁned environment to drastically decrease the pH. If there existed a
global synchrony for actin core oscillations throughout the structure, it would lead to repeated periods
during which the conﬁnement eﬃciency would be lower, and therefore the risk for potential “leaking”
would be high. In contrast, it would be expected that a perfectly static system, keeping a steady
contact with the matrix during the whole resorption time would be optimal for bone degradation.
However, it might be costly for the cell to thus restrict a major pool of its inner components to the
accomplishment of one task, while striving at preserving its perfect stability. Energetically speaking,
synchrony at the scale of islets might represent the optimal “cost vs. eﬃciency” solution. Modeling
this mechanical behavior while taking into account the various signaling cues could consist in a most
exciting interdisciplinary research project, and would provide crucial information about the sealing
zone.
In human macrophage podosomes, actin oscillations similar to that observed within the sealing
zone have been associated with the generation of protruding forces (Labernadie et al., 2014; Proag
et al., 2015; Bouissou et al., 2017). This characterization has been facilitated by the development
of a new method to assess axial deformations induced by podosomes: protrusion force microscopy
(Labernadie et al., 2014; Bouissou et al., 2018). However, applying this technique to the study of
osteoclasts did not appear as the best option, as protrusion force microscopy does not allow for
measuring planar forces. Nor does it allow for simultaneously visualizing the probed cell structure,
which is a pre-requisite for force reconstruction. In this context, part of this PhD work focused on
developing a new tool to access 3D estimation of forces applied on 2D substrates. In addition, I also
started the development of tools to investigate how the sealing zone probes topography. Eventually,
for both these substrate-development projects, the versatility of the aimed outcomes point to their
possible use in the general context of cell adhesion, and not only podosome-based structures.
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Discussion about the development of substrates for nanoscale
investigation of the mechanical properties and topography
sensing of adhesion structures
The methodologies described in the third chapter of this manuscript are in line with the recent
investigations aiming at unraveling cell-matrix interactions. They were designed in order to simplify
the complex system gathering all extracellular matrix cues to only one physical aspect of the problem.
Furthermore, their use would allow for a structural approach of adhesion structures in a matrix
mimicking context, in addition to the identiﬁcation of their global regulation by physical cues.

Deformable substrates for super-resolution microscopy
Due to the current lack of techniques allowing for the quantiﬁcation of cell-exerted forces at the
nanoscale and combining evaluation of both in-plane and axial adhesion-induced deformations, we
aimed at taking advantage of the available DONALD setup to attempt at bridging the gap in this
cell mechanics ﬁeld.
When considering the development of a new 3D super-resolution traction force microscopy technique, we came across some doubts about the feasibility of such a technique. Indeed, the presence
of the polyacrylamide coating induced the presence of an additional optical interface, and how this
optical index jump eﬀectively aﬀects the localization precision is yet to be characterized. Moreover,
as the target thickness for polyacrylamide coatings did not exceed 200-300 nm, it is unsure whether
the forces applied at adhesion sites would be substantial enough to yield measurable displacements
of the ﬁducial markers. Eventually, the use of single molecule localization microscopy to characterize the stressed and relaxed conformations of the gels might not be compatible with the traditional
displacement recognition analysis as it is. Therefore, this project requires major advances in the
interdisciplinary ﬁeld of cell mechanics in order to possibly reach completion. However, successful
achievements during the conduct of this project opened a new alternative for the use of these thin
polyacrylamide coatings. Rather than trying to quantify their deformation induced by adhesion
structures, they could make powerful tools for the characterization at the nanoscale of adhesion site
architecture in the context of mechanosensing.
Recent explorations focusing on the characterization of cell-exerted forces in fact revealed the
increasing use of micro- and nanofabrication techniques to improve the spatial resolution of displacements through the precise deposition of ﬁducial markers (Bergert et al., 2016). In addition, other
techniques relied on label-free strategies to unravel deformations. For example, the protrusion force
microscopy technique developed in the lab relies on AFM measurements of the surface topography
of a thin ﬁlm on which macrophage podosomes protrude Labernadie et al., 2014; Bouissou et al.,
2018. Other techniques have taken advantage of light reﬂection in original manners, and inferred
cell-exerted forces through the analysis of interferences or the quantiﬁcation of volume variations
(Kim et al., 2016; Kronenberg et al., 2017). However, these setups do not allow for imaging the cell
structures involved in the deformation process. Speciﬁcally, only rare methods for measuring cell-
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exerted forces have also provided insight into the precise architecture of adhesion sites (Morimatsu
et al., 2015).
In general, the ﬁeld of cell mechanics is in dire need of eﬃcient tools beneﬁting from an easy implementation, and allowing for the simultaneous identiﬁcation of: global response to matrix mimicking
cues, and precise localization of major proteins involved in adhesion structures.

Nanotopographic features for super-resolution micrsocopy
Again aiming at beneﬁting from the three-dimensional resolution of DONALD setup, we also explored
its possible future application to decipher topography sensing.
Topographic features were implemented on the surface of glass coverslips by direct etching of the
material in between protective resist motifs, obtained through photolithography process. Modulating
the etching duration allowed for the generation of nanoscale topographies, but they displayed an
apparent lack of standardized aspect. Further optimization of the photolithography and wet etching
stages would help improving this point. Due to the lack of observations of cells on the crenelated
surfaces, only basic image analysis were proposed for the moment. Upon achieving the production
of highly reproducible substrates, the etched coverslips would eventually consist in powerful tools to
investigate signaling pathways induced by topography sensing at the nanoscale.
Topographic features have been reported to aﬀect various cell functions at a global scale, such
as proliferation, migration, diﬀerentiation or polarization (Bettinger et al., 2009). These alterations
have been reported to depend on subcellular components, namely the actin cytoskeleton and integrins
Park et al., 2018. However, the speciﬁc role of these components have only been documented in
an indirect manner. Speciﬁcally, imaging techniques applied in the context of topography sensing
studies often do not allow for the precise observation of adhesion sites. This might be partly due to
the use of materials with poor optical properties to shape topographies. Therefore, new approaches
tackling topography sensing by direct shaping of glass coverslips will pave the way towards the precise
comprehension of the speciﬁc cell mechanisms involved. Furthermore, parallel advances in microand nanofabrication processes allow for improving the complexity of topographic features directly
implemented on glass.

Conclusions and perspectives
In conclusion, my PhD work has mainly helped providing new tools and their associated methodology
in an ever-improving super-resolution context. These will not only allow for further characterizing
the sealing zone in osteoclast at its subunit level with systematic ﬂuorescence microscopy routines
and image analysis procedures. They could also eventually consist in powerful turnkey solutions to
access the 3D nanoscale localization of key cytoskeletal proteins on ﬂat “control” surfaces, as well
as in the context of evaluation of the mechanosensitive properties or topography sensing abilities
of any adherent cell type. In order to achieve this comprehensive experimental package, some key
experimentations still have yet to be carried out.
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Improving knowledge about the sealing zone in osteoclasts
In the short term, the last months of my PhD will be dedicated to the ﬁnalization of the
results pertaining to the nanoscale characterization of the sealing zone architecture and dynamics.
Greater acquisition numbers are required to ensure our study is indeed relevant and provides a
faithful account of the reality of the structure. Moreover, acquiring numerous other images could
further our knowledge of the sealing zone, and may help us identify diﬀerent categories of nanoscale
organization, e.g. due to the global rearrangement during the resorption cycle. We also aim at
recording longer time-lapse movies, and with dual color information, visualizing both actin and an
adhesion plaque protein to help us decipher the dynamics associated with the core clusters that we
observed. It could also be interesting to observe the eﬀects on the local dynamics of various drugs
interfering with actin dynamics, or other cytoskeletal components such as microtubules and myosins.
Eventually, if time permits, exploring the localization of the major osteoclast integrin αv-β3 would
provide most valuable information.

In the long term, it would obviously be most advantageous to beneﬁt from this well-established
workﬂow to thoroughly research other major actin crosslinkers, such as the ones cited in the literature
review section 1.3. Their precise localization could therefore be ﬁnally uncovered, and a model of the
inner dynamics of the sealing zone at the molecular level could be established. In addition, correlative
microscopy observations combining RIM and SEM would help identifying their preferential sites of
interactions along actin ﬁlaments. Ideally, all the proteins localized on ﬁxed samples could also be
dynamically recorded along with actin in live cells in order to conﬁrm model assumptions, provided
the biochemical tools are available. Furthermore, more biochemically oriented studies could be
performed by silencing target proteins in osteoclasts and observe the eﬀects on the sealing zone, and
at the nanoscale level on the distribution of their potential partners. In the lab, eﬃcient routines
to apply siRNA treatments to human macrophages have already been developed and combined
with super-resolution observations. Indeed, they have allowed for the identiﬁcation of vinculin and
paxillin as required for talin extension at the podosome ring (Bouissou et al., 2017). The possible
necessity for adjustments in the case of osteoclasts should be evaluated, and the application of the
same strategies to osteoclasts would certainly prove to yield valuable information.

Providing new tools for the comprehension of cellular responses to ECM
properties
In the short term, concerning the coverslips coated with a thin ﬁlm of polyacrylamide, their
potential use for the study of mechanosensitive properties should be thoroughly asserted. In particular, two points should be explored in priority: whether thin coatings are achievable with the
proposed protocol no matter the ﬁnal material properties of the gel; and whether such devices are
eﬀectively eﬃcient to induce signiﬁcant variations of substrate stiﬀness, as sensed by cells. Indeed,
as the polyacrylamide thickness represents little more than a thousandth of the coverslip thickness,
it is expected that cells would not sense the real mechanical properties of the polyacrylamide, but
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rather that of a mean material accounting for the superposition. To achieve this exploration, both
experimental and in silico approaches could be combined. Experimental veriﬁcation of the eﬀective
surface properties can be achieved thanks to AFM measurements on one side. On the other, mechanical modeling and simulations could be performed to predict the eﬃcient rigidity as sensed by
cells according to the shape and forces exerted by adhesion structures. Especially, AFM probing
results would gather valuable information to precisely tune the model parameters, therefore putting
forward results displaying higher ﬁdelity to the real system.
Concerning the etched coverslips, as stated before, the priority should be given to multiplying
the experiments in order to yield a statistically relevant and reproducible protocol. Extensive characterization of the samples will help assessing the improvement strategies to produce topographies
with sharp and similar proﬁles all over the observable surface. Then, less ambiguous observations of
adhesion structure patterning will be made possible, as the variations would no longer be imputable
to variations of motif aspect.

In the long term, optimization of the observation conditions to combine these two substrate
types with super-resolution techniques, such as DONALD, need to be assessed. Concerning the
substrates for topography sensing, the direct etching of glass coverslips does not induce any optical
hindrance, as is the case with the addition of another material. However, the basic workﬂow for image acquisition will have to be adapted to include the localization of the motif borders, probably still
through transmission light imaging. In addition, adhesion structure dynamics in the presence of topographic features could be performed with RIM, on various timescales. This interesting exploration
will therefore require the development of a dedicated data analysis procedure.
In the speciﬁc case of polyacrylamide-coated coverslips, provided that the two veriﬁcations afore
mentioned have been fruitful, are “ready to use” per se, even if not directly with DONALD technique.
Instead, they could be combined with other super-resolution techniques, such as RIM or dSTORM
alone, to yield precise in-plane localization of target proteins while awaiting for the adjustments
required for eﬃcient axial localization. The 3D super-resolved project could also be picked up where
it has been left oﬀ, if this modiﬁcation of the DONALD setup proves feasible. It will still consist
in a challenging study, which requires exciting new approaches in various research ﬁelds. Therefore,
combining acute knowledge from the mechanical, mathematical and microscopy ﬁelds might prove
successful in helping the completion of this bold project.
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Appendix A. Appendix to chapter 2

A.1. Details of the analysis worklow for the geometric
characterization of actin cores with RIM technique

Figure A.1.: Analysis worklow for the geometric characterization of actin cores with RIM technique.
When zooming in on a region of a sealing zone, it is observed that actin signal displays numerous
local maxima that were localized. The corresponding coordinates were used to estimate the distance
between two neighboring maxima, based on Delaunay’s tessellation. Then, in order to assess the size
of the actin dots, a spatial derivation of the signal was applied and the derived signal was extracted
along 8 radii from the center of each dot. On these curves, the ﬁrst local maximum corresponded to
the edge of the actin spot and helped me compute the mean radius for all of them.
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A.2. Details of the analysis worklow for the 2D localization
of proteins relative to actin cores with RIM technique

Figure A.2.: Analysis worklow for the 2D localization of proteins relative to actin cores with RIM
technique. Similarly as for the evaluation of the size of actin cores, the ﬁrst step was to extract the
coordinates of the cores thanks to the actin staining image. And in the same way, data was also
extracted in order to assess the diameter of each core. Then, the local orientation of the sealing
zone was evaluated by the user, in order to extract both actin and protein associated signals in the
transverse direction. But these curves are not comparable as such, so thanks to the size-related
data a normalization protocol was performed on the signals so that they were ready for statistical
analysis.
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A.3. Details of the analysis worklow for the 3D localization
of proteins relative to actin cores with DONALD
technique

Figure A.3.: Analysis worklow for the 3D localization of proteins relative to actin cores with DONALD technique. When zooming in on a region of the belt, each of the actin cores in the diﬀerent
clusters were located by the user. Then, the general orientation of the cluster was evaluated, and
a rectangular region was delimited and centered on an actin core, transverse to the direction of the
cluster. Within these cross-sections, molecules were localized depending on their distance to the
central axis of the cross-section and their height. Importantly, all molecules situated towards the
cell edge were represented on the left, while those towards the interior of the cell are on the right in
the associated charts.
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A.4. Proposition for the 2D localization of proteins relative
to actin cores within the sealing zone

Figure A.4.: Schematics of the proposed in-plane localization of proteins relative to actin cores
within a sealing zone. Cortactin is preferentially located at the core, which is surrounded by actin
ﬁlaments where α-actinin 1 seems to be present. Sealing zones appear to be split into several clusters
of a few actin cores, which are thought to be delimited by integrins and integrin-associated proteins
such as vinculin, talin, paxillin or ﬁlamin A.
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A.5. Proposition for the 3D localization of proteins relative
to actin cores, and dynamic processes within the sealing
zone

Figure A.5.: Schematics of the proposed dynamics and axial localization of proteins relative to
actin cores within a sealing zone. Actin cores are represented as columns of a few hundreds of
nanometers high, with a time-ﬂuctuating content of F-actin. Observations also led to think that
actin cores within the same cluster were more likely to be connected to each other, compared to
two cores within two diﬀerent clusters. This physical connection might be related to the apparently
synchronous behavior that cores tended to display within clusters, with respect to actin content
ﬂuctuations. Moreover, actin cores are thought to be connected to the cluster-delimiting integrins
via tilted actin ﬁlaments bound to elongated talin, vinculin and paxillin.
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Abstract
In numerous biological contexts, animal cells need to interact physically with their environment by developing mechanical forces. Among these,
traction forces have been well-characterized, but there is a lack of techniques allowing the measurement of the protrusion forces exerted by cells
orthogonally to their substrate. We designed an experimental setup to measure the protrusion forces exerted by adherent cells on their substrate.
Cells plated on a compliant Formvar sheet deform this substrate and the resulting topography is mapped by atomic force microscopy (AFM) at
the nanometer scale. Force values are then extracted from an analysis of the deformation profile based on the geometry of the protrusive cellular
structures. Hence, the forces exerted by the individual protruding units of a living cell can be measured over time. This technique will enable the
study of force generation and its regulation in the many cellular processes involving protrusion. Here, we describe its application to measure the
protrusive forces generated by podosomes formed by human macrophages.

Video Link
The video component of this article can be found at https://www.jove.com/video/57636/

Introduction
1

Animal cells interact physically with the matrix and the other cells that constitute their environment . This is required for them to migrate,
internalize bodies, acquire external information, or differentiate. In such processes, the cell must generate mechanical forces and, as numerous
studies have shown over the recent years, the ability of a cell to generate forces and probe its environment influences its biological behavior,
2,3
directing for instance proliferation or differentiation . In turn, the measurement of cellular forces is a major aid to study the regulation of force
4,5
generation and understand its implication in cell behavior and tissue fate .
6

Recent years have witnessed the development of numerous techniques to measure the forces that a cell can exert on its environment . The
majority of these have been instrumental in revealing the traction forces that cells exert as they pull on mobile probes or a deformable substrate.
However, the mechanical forces involved in protrusion into the extracellular environment suffer from a lack of measurement techniques and are
to date not well characterized.
To overcome this limitation, we present a method to measure forces exerted orthogonally to the substrate. It consists in plating living cells on a
thin elastic sheet that can deform in the orthogonal direction, making it possible to measure substrate deformation by the cells and deduce the
forces involved. Substrate topography is measured with nanoscale resolution using atomic force microscopy and the evaluation of forces from
7,8,9
deformation relies on the knowledge of the geometry of the protrusive cellular structures
.
Here, we describe the setup and its application to measure the forces generated by podosomes, protrusive adhesion structures formed by
10,11,12,13,14,15,16,17
macrophages for their mesenchymal migration in three-dimensional environments
. We believe that this technique will advance
the understanding of force generation and its regulation in the many cellular processes involving protrusion.
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Protocol

1. Preparation of Formvar-Coated Grids
1. Clean electron microscopy grids with pure acetone and dry them on filter paper. Then clean a microscope slide with pure ethanol, wipe with a
lens paper and remove dust with a blower.
2. Place an ethanol-cleaned glass slide vertically in the funnel of a film casting device containing a solution of Formvar in the lower part. Cover
the top of the funnel.
3. Pump 100 mL of Formvar solution (0.5% in ethylene dichloride) with the atomizer bulb until the level reaches two thirds of the slide.
4. Keep the slide in the solution for 1 min.
5. Open the valve of the device to drain the Formvar solution in a steady stream. A flow rate of 10 to 15 mL/s will yield a Formvar film of 30-80
nm. The thickness of the film is determined by the concentration of the Formvar solution and by the drainage rate.
NOTE: The drainage rate can be controlled by venting the pressure via the air-out valve by slowly opening the valve. The faster the drainage,
the thicker the film. In practice, because it is difficult to predict the film thickness from the Formvar flow rate, we prepare several batches of
Formvar films and control their thickness by AFM (see Step 2).
6. Remove the slide from the chamber and dry it delicately on filter paper to remove any liquid Formvar.
7. Cut out a 20 mm x 50 mm rectangle from the Formvar film with a razor blade.
8. Fill a beaker with clean distilled water and slowly plunge the slide vertically into the water to float off the film: the film should float on the water
surface.
9. Place dry acetone-cleaned grids on the film, shiny face up.
10. Place a round glass coverslip (Ø 12 mm) onto a few of the grids. This coverslip will serve to measure the film thickness (see Step 2).
11. Cover a microscope slide with a white sticker resized to fit it. Dip the slide vertically at the border of the floating Formvar film until the whole
film adheres to the slide. Remove excess water from the slide with filter paper and let it dry at room temperature overnight.

2. Measurement of Film Thickness
1. Cut the Formvar around the coverslip with tweezers to detach it from the slide.
2. Mark the location of the grid under the coverslip with a pen.
3. Cut the Formvar around the marked grid to detach it from the coverslip. There will therefore be a hole in the remaining Formvar sheet, which
will allow to measure the film thickness. Cover the coverslip with PBS and place it on a glass slide on the microscope.
4. Mount a silicon nitride cantilever on the AFM glass block, making sure the golden stripe is not covered by the tip of the spring.
NOTE: The sensitivity and spring constant of the cantilever should have previously been calibrated in PBS.
5. Mount the glass block onto the AFM module, and then place the module onto the microscope.
6. Place the Formvar-coated coverslip on the observation chamber and cover it with 500 µL of PBS.
7. Scan the border of the hole in the Formvar sheet using AFM in contact mode and a 0.5 nN force set point.
8. Use the glass coverslip surface as the reference for height measurements, and evaluate the Formvar thickness as the height of the crosssection (perform at least 10 measurements per Formvar batch).

3. Seeding Cells on Grids
1. Under a sterile hood, put a strip (12 mm x 3 mm) of double-sided adhesive tape on a coverslip.
2. Cut out a Formvar-coated grid with tweezers and put it upside-down on the adhesive strip (only the rim of the grid needs to be attached to the
tape). The Formvar film needs to face the coverslip.
3. Put this device in a culture well.
4
16
4. Place a 10 µL droplet of RPMI without FCS containing 10 macrophages differentiated from human monocytes .
NOTE: Make sure not to touch the grid with the pipette tip to prevent damaging the Formvar coating.
5. Incubate for 30 min (37 °C, 5% CO2) to let cells adhere.
6. Fill up the well with 2 mL of RPMI containing 10% FCS.
7. Incubate the device for 2 h at 37 °C and 5% CO2 to let cells adhere before AFM observation.

4. Topography Measurements of Podosome-Induced Deformations
1. Stick two strips of doubled-sided adhesive tape on a glass bottom Petri dish.
NOTE: The distance between the two strips should be smaller than the grid diameter.
2. Carefully detach the grid plated with macrophages from the adhesive tape.
3. Turn the grid upside-down in order to have the cells facing the glass and stick the grid between the two adhesive strips.
4. Fix the grid with two new strips of doubled-sided adhesive: the grid will thus be sandwiched between two adhesive strips, leaving the central
area of the grid accessible to the AFM tip.
NOTE: Make sure that the grid is well fixed and not twisted; otherwise the AFM cantilever might not be able to approach the Formvar surface.
5. Fill the Petri dish with 2 mL of pre-heated 37 °C culture medium (RPMI with 10% FCS) supplemented with 10 mM HEPES (pH 7.4).
6. Place the culture dish on a 37 °C dish heater.
7. Install the dish heater on the AFM stage.
8. Let the system stabilize at 37 °C.
9. In contact mode with a 0.5 nN force, make a first global image to locate podosomes, and then scan the Formvar topography at 3 Hz with an
approximately 20 nm-large pixel.
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NOTE: Avoid scanning near the edges of the grid.

Representative Results
The above protocol describes how to prepare the experimental setup to quantify protrusion forces applied by macrophage podosomes on a
Formvar substrate. This is achieved using AFM and is illustrated in Figure 1.
When analyzing a topographical image of bulges beneath podosomes using the JPK data processing software, a third-degree polynomial fit
should be subtracted from each scan line independently. The maximum height of podosome-induced bumps can be assessed by adding a z
color scale on the side of the image. After being exported in TIFF format, the topographical image is further analyzed using a dedicated home8
made ImageJ macro available online . This macro locates bulges on the corrected height image and yields a force map (Figure 2) according to
given parameters: Formvar film thickness and podosome ring radius. In addition, the macro also yields a text file with the coordinates, height and
computed force value for each detected bulge on the Formvar surface.
This process also applies in the case of time-lapse acquisitions. The macro then tracks each bulge from the middle time point onwards and
backwards, requesting user validation if any doubt arises.

Figure 1: Experimental setup
Schematic illustration of the experimental setup. Cells are seeded on an electron microscopy grid coated with a thin, compliant Formvar film
and the grid is placed, cells facing down, inside a Petri dish. When adhering to a substrate, macrophages form submicron highly dynamic
adhesion structures called podosomes. The topography of the Formvar film beneath the cells is then imaged using AFM. Podosome apply forces
orthogonal to the substrate, which result in bulges on its surface.

Figure 2: Substrate deformation and forces exerted by podosomes
Topography of the Formvar film on the reverse side of the cells showing deflection (left panel) and height (middle panel, color codes for height).
The bulges observed on the film correspond to the deformation by individual podosomes. The force applied by each podosome is evaluated by
the model (right panel, each spot corresponds to one podosome and force values are color-coded). Scale bar: 5 µm.

Discussion
Material properties
The choice of the material for the deformable membrane, in our case Formvar, needs to fulfill a few requirements. The material must be
transparent to visible light and exhibit limited auto fluorescence to allow observations in bright field and fluorescence microscopy. The roughness
of the thin film must be well below 10 nm to avoid any topographical effect on cell adhesion and to allow clear observation of the cell-induced
protrusions by AFM imaging. Finally, the stiffness of the membrane, which depends on the Young's modulus and thickness of the material, needs
to be high enough to induce the formation of podosomes while keeping some observable deformability for the typical stresses generated at
podosome sites which are around 10-100 kPa. Formvar material, prepared in thin films of 30-80 nm is a good compromise between all these
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constraints. It is worth noticing that by tuning the thickness of the Formvar membrane, its stiffness can be adjusted to study the mechanosensing
7
properties of podosomes .
Reproducibility and quality of Formvar preparation
Some batches of Formvar present folds on the grid and are therefore unusable: this may be seen beforehand on bright field images. In our
experience, we need multiple grids for one condition because sometimes the mounting of the grid is not perfect and the grid moves or gets
twisted. The thickness of the Formvar film needs to be adapted to the expected force. The thicker the film, the stiffer it is, but the lower the
deformations will be, making observation more difficult. Conversely, the thinner the film, the more fragile it is and the more difficult to manipulate
without tearing it.
Influence of the force applied by the cantilever on topography measurements
To obtain a measurement of the film deformation without either affecting the nanomechanical activity of the podosome or deforming the film
with the AFM probe, it is crucial to control forces applied during AFM imaging. Indeed, applying excessive force during imaging may lead to an
overestimation of the protrusion height and thus of the protrusion force. In other words, there is a need to limit this force far below the stall force
of the protruding site. We recommend limiting the applied forces during imaging around to a few hundreds of pico-newtons.
Model for protrusion force evaluation
To convert AFM topographical measurements into force values, it is necessary to define the boundary conditions and to know the spatial
configuration of force application. In the case of podosomes, we proposed a model based on the current knowledge of its molecular organisation
8
and verified that this model provided deformation profiles consistent with topographical observations . More precisely, we modeled the dense
core of polymerizing vertical actin filaments surrounded by a ring of adhesion proteins as a central module pushing the substrate and a
peripheral module pulling on it. Substrate deformation by these two modules acting was determined using finite element simulations, leading to
a force-deformation relationship. Thanks to this numerical approach, we characterized the influence of each geometrical parameter on the forcedeformation relationship, showing that ring diameter and substrate thickness needed to be measured precisely. The relationship between the
2
3 2
height h of a bulge in the substrate and the force F applied by one podosome may be expressed as F = C0 E/(1-υ ) e /r h, where E = 2.1 GPa
7
is the Young's modulus of Formvar and υ = 0.3 its Poisson ratio , C0 is a constant equal to 2.7 and e and r respectively denote film thickness and
8
podosome radius . For each condition, the average value of r was obtained from fluorescence images of podosomes.
Applications of Protrusion Force Microscopy
Protrusion force microscopy was profitably used in macrophages to test the importance of specific proteins on podosome force generation,
18
demonstrate the mechanical role of the podosome ring and reveal spatio-temporal correlations of force generation between close neighbours
8
within the network of podosomes .
Cells have been found to protrude into their environment in several biological processes. Invasive tumor cells use protrusive structures called
19
invadopodia, which are essential to extracellular matrix degradation . Lymphocytes have been shown to protrude into endothelial cells during
20
their transcellular diapedesis through the endothelium . Some instances of cell-cell interaction also rely on cellular protruding structures: this is
21
the case for antigen recognition of T cells on endothelial cells , and for the initiation of cell fusion that leads to multinucleated osteoclasts or to
22,23,24
25
myotubes
. Finally, internalization processes such as phagocytosis use cellular actin-based structures that project around the target body .
Studying the forces generated by protruding structures will certainly help shed light on the mechanisms at play in these processes.
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